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Abstract
Foot-and-mouth disease (FMD), caused by foot-and-mouth disease virus (FMDV), 
is a severe, highly contagious vesiculating disease affecting cloven-hoofed animals. 
In addition to causing acute disease, this virus can also lead to persistent infection in 
cattle and ruminants. Initial replication occurs at the site of primary infection and 
virus then spreads to the lymph nodes and into the circulation, distributing virus 
through the body to potential sites of secondary viral replication. These sites include 
the stratified squamous epithelium of many tissues including tongue and skin. 
Although the pharynx region is the site of primary infection, and the tongue and skin 
being the sites of main amplification, no data are available on quantification of the 
specific cell layers within the epithelia involved in harbouring viral RNA. The 
objective of this study was to develop the system of isolating specific epithelial cell 
layers from stratified squamous epithelia and to be able to detect and quantify foot- 
and-mouth disease virus (FMDV).
Laser Micro-Dissection (LMD) system combined with quantitative RT-PCR was 
utilised to isolate specific cell layers from selected squamous epithelia and determine 
the levels of FMDV RNA. Such observations of distribution and localization of 
FMDV infection within the different tissues provided insight into the kinetics of 
FMDV replication and spread of infection within the epithelia.
Animal experiments were ongoing within the group and samples were taken from 
these experiments to evaluate various procedures up- and downstream of LMD. It 
was important that different protocols be used to test which method would be most 
suitable to yield highest level of RNA recovery. Such studies would increase the
III
sensitivity of the combined LMD-PCR system to isolate and detect RNA from 
microdissected samples
Once developed, this conjugated system of LMD with qRT-PCR was used to 
quantitatively analyse FMDV RNA within different cell layers of the epithelia of the 
foot, tongue and soft palate from experimentally infected pigs and cattle. This would 
allow the sites of intital infection, the levels of RNA reached and the spread of virus 
within the epithelia to be determined.
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Introduction
Introduction_________________________________________________Chapter 1
1.0 Literature Review
1.1 Overview of Foot-and-Mouth Disease
Foot-and-mouth disease (FMD) is caused by foot-and mouth disease virus (FMDV), 
which is classified within the Aphthovirus genus (Table 1.1), of the family 
Picomaviridae (Brown et al., 1992, Belsham, 1993). FMD affects a wide host range 
and is one of the most contagious diseases of animals, as a result of the low 
infectious dose, the numerous routes of infection, the rapid replication of the virus 
within its host and the large quantities of virus released by infected animals 
(Alexandersen et a l, 2001; Alexandersen et a l, 2003a). In addition, the cost of 
eradication may be enormous and thus FMD is highly significant economically. The 
outbreak in the United Kingdom in 2001 was estimated to have cost some £3.1 
billion to the agriculture and food supply sectors, with a similar cost to the tourism 
industry (Thompson et a l, 2002). The total economic cost to Taiwan’s pig industry 
after an FMD outbreak in 1997 was estimated to be about US$1.6 billion (Yang et 
al, 1999). Precautionary measures are thus deemed necessary by FMDV-ftee 
nations and these exert a restrictive influence on international trade in livestock and 
livestock products from cloven-hoofed animals (Alexandersen et al, 2003a).
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1.2 Historical Perspectives
The first reliable description of FMD was in 1514 (Fracastorius, 1546) - when 
herdsmen reported ‘a sort o f roughness with lumps and pustules in the mouth, and 
the infected animal had to be removed at once from the herd, or the whole herd 
became infected. Gradually this distemper descended to the shoulders and thence to 
the feet... ’ (translated in Wright, 1930). In 1764 Jean-Baptiste Sagar discovered that 
the cattle disease was infectious and could be transmitted between different species. 
In 1765, Sagar described clinical signs in cattle, small ruminants and pigs. He stated 
that the onset of disease was marked by dullness, elevated temperature with 
reddened eyes and the interior of the mouth. The causative agent of foot and mouth 
disease was identified as a virus by LoefQer and Frosch (1897). They identified 
FMDV as the first animal infectious agent small enough to pass through Berkfeld 
filters and in doing so founded the modem era of animal virology. Serotype variation 
was reported in 1922 explaining why cattle that had recovered fi*om FMD were not 
always resistant to re-infection (Vallee & Carre, 1922). The serotype prevalent in 
France was designated type O (Oise valley). Vims that could re-infect animals 
recovered fi’om type O was called type A, (Allemand) (Vallee & Carre, 1928). A 
third type was discovered soon afterwards (Waldmann & Trautwein, 1926) and 
named type C, as the authors proposed re-designation of the pre-existing serotypes as 
A and B. Further serotypic variations were identified in the Southern Afiican 
Territories in 1948 by the British Animal Virus Research Institute and termed SAT 
1, 2 and 3 (Cottral & Gailiunas, 1971; Brooksby, 1982). The last serotype reported to 
date termed, Asia 1 and originated fi*om Pakistan in 1954. It was so-named in 
anticipation of fiirther variants fi*om this region (Brooksby & Rogers, 1957).
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1.3 Structure of FMDV
FMDV is a non-enveloped virus, an icosahedral particle constructed with cubic 
symmetry, and appears almost spherical under the electron microscope. It has a 
diameter of around 25-30 nm and each virion is composed of a protein shell (capsid) 
surrounding the positively stranded RNA (Knipe et a l, 2001). The capsid is 
composed of 60 copies of each of four proteins termed VPl, VP2, VP3 and VP4 
(Sanger et a l, 1976; Belsham, 1993). VPl, VP2, VP3 are exposed on the external 
surface of the virion whilst VP4 is internal and makes contact with the RNA. VP4 is 
modified by a myristoylation group at its amino terminus. Physically FMDV is quite 
robust; in common with other non-enveloped viruses it is insensitive to organic 
solvents as it lacks a lipid envelope but like other respiratory viruses in this family it 
is acid-labile and inactivated below pH 6.8 (Randrup, 1954). Enterically infecting 
viruses fi"om the Picomaviruses are acid resistant e.g. cardio-, entero-, hepato- and 
parechoviruses (Knipe et a l, 2001).
1.4 Genomic Organisation of FMDV
The FMDV genome is a single strand of positive sense RNA approximately 8400 
nucleotides in length (Belsham 1993). The RNA is polyadenylated at its 3’ end, and 
has a small protein, VPg, covalently linked to its 5’ end. The deproteinated FMDV 
RNA genome is infectious on transfection (Follett et a l, 1975). The genome can be 
divided into three main functional regions: (i) the 5' untranslated region (UTR); (ii) 
the translated region; and (iii) the 3' untranslated region (see Fig. 1.1).
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Figure 1.1 Genome organization o f FMDV (Belsham & Martinez-Salas, 2004).
The genome contains a 5’ untranslated region (UTR), a single open reading frame that encodes a 
polyprotein which is co-translationally cleaved (indicated by curved arrows as specific sites) by viral 
proteins into products P1-2A, P2 & P3, and a 3 ’ UTR. Products listed: L/Lpro (Lb/ Lab): Leader 
protease, lA  (VP4), IB (VP2), 1C (VP3), ID (VPl): structural proteins, 2A: Protease, 2B: Involved 
cell permeability & blockage o f secretory pathways, 2C: Involved in RNA replication, 3 A: unknown 
3B: Primer for RNA synthesis 3C: Protease, 3D: Polymerase
Picomavirus Genera
Enteroviruses Poliovirus (PV), Human Enterovirus (A, B, C, D), Coxsackie Virus, Simian 
Enterovirus A, Bovine Enterovirus, Porcine Enterovirus, Swine vesicular 
disease virus (SVD)
Rhinovlruses Human Rhinovirus A (HRV-A), Human Rhinovirus B (HRV-B),
Cardlovlruses Encephatomyocarditis virus (EMCV), Theilovirus, Theiler's murine 
encephalomyelitisvirus (TMEV), Theiler's like virus (TLV)
Apthoviruses Foot-and-Mouth Disease virus (FMDV), Equine rhinitis A virus (ERAV)
Hepatoviruses Hepatitis A virus (HAV), Avian encephalomyelitis virus (AEV)
Parechoviruses Human parechovirus (HPeV), Ljunganvirus
Erbovlruses Equine rhinitis B virus (ERBV)
Kobuvlrus Aichi Virus, Bovine Kobuvirus
Teschovirus Porcine Teschovirus
Table 1.1 Picomaviridae family. List o f the different virus species within each Picomavirus genera
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1.4.1 FMDVS’ UTR
The 5' UTR, is around 1300 nt in length and comprises of several discrete regions. 
The first is a single long stem loop structure of about 360 nt in length called the short 
fi-agment or S fi-agment (Clarke et a l, 1987; Escarmis et a l, 1992; Witwer et a l, 
2001). The function of the S-fi*agment is not known, but it may facilitate replication 
and/or translation, play a role in the switch fi’om translation to replication or protect 
the RNA fi'om degradation (Belsham & Martinez-Salas, 2004).
All Aphthoviruses possess a poly(C) tract within the S' UTR and in the case of 
FMDV this is thought to associate with the cellular Poly(C) Binding Protein (PCBP). 
This may play a role in genome circularization and/or the switch fi*om translation to 
replication in FMDV, especially as this is proposed to occur for Polio virus (Barton 
et a l, 2001; Herold & Andino, 2001). A pseudoknot region follows the poly (C) 
tract but its function is currently unknown.
The termini of all picomaviruses must be involved in genome replication and one 
important area, the c/i'-acting replication element {ere) was described in 2002. This 
is located in the 5' UTR adjacent to the pseudoknot region and is thought to form a 
stable stem-loop stmcture (Mason et a l, 2002). The ere is involved in the virus 
polymerase 3D^Lmediated uridylation of protein 3B (Paul et a l, 2000; Rieder et a l, 
2000). This is an essential step in replication as uridylated 3B pUpU-3B serves as the 
primer for RNA synthesis. In FMDV, it appears that the ere can be complemented in 
trans and that this element should rather be called a 3B-uridylation site (Tiley et al, 
2003).
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Notable by its absence from the FMDV RNA is a 5' methylated cap structure. This 
was initially puzzling as translation of eukaryotic mRNA was then thought to depend 
on the recognition of a 5' 7-methyl-G cap structure in association with initiation 
factors and the small ribosomal subunit directing ribosome assembly to the vicinity 
of the mRNA (Prevot et a l, 2003). In common with other 1RES (Internal ribosomal 
entry site) structures that of FMDV is highly structured (Belsham & Brangwyn, 
1990; Kuhn et a l, 1990; Martinez-Salas et a l, 1993) and certainly more complex 
than the 5' UTR of many cellular messages. The apparent discrepancy of an absent 
cap structure was resolved when the 1RES of picomaviruses was found to 
ftmctionally replace these features and permit initiation of translation by a then novel 
process of cap-dependent translation. This also provided an explanation for the 
purpose for the process of cap-independent translation by these vimses (Devaney et 
al, 1988, Medina, et al, 1993, Belsham, et al, 2000). Since FMDV does not require 
cap recognition for translation whereas cellular messages do, the vims is able to 
dismpt these processes in the infected cell thus preventing translation of cellular 
mRNA and diverting resources towards the manufacture of virus products. FMDV 
has developed a specific mechanism to achieve this end involving the cleavage of the 
translation initiation factor eIF4G as well as eIF4A which is a component of the cap 
binding complex by vims-specified proteases (Devaney et a l, 1988; Medina et a l, 
1993, Belsham et al., 2000), of FMDV. Although intact eIF4G is not necessary for 
IRES-mediated translation, a cleaved portion is still required to recmit the small 
ribosomal subunit to IRES-containing mRNA. The result is that eIF4G cleavage 
inactivates cap-dependent translation whilst cap-independent translation may 
proceed.
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L4.2 FMD V translated region
The translated region consists of a single open reading frame some 7000 nt long in 
which all virus proteins are encoded end-to-end as a large polyprotein. In common 
with other picomaviruses stmctural proteins are located at the N terminus and non- 
stmctural proteins at the C terminus end. This may reflect a primitive attempt at 
regulation since any early termination in translation would tend to over represent the 
products from the 5’ end of the message. This makes sense since these are the 
proteins required in greatest amounts. The FMDV polyprotein is co-translationally 
cleaved by vims-encoded proteases (Figure 1.1), and thus the full-length polyprotein 
is never observed. The cleavage process generates a variety of mature proteins 
required by the virus but also some partially cleaved intermediates. These may have 
distinct functions in their own right and often serve a regulatory role.
The first component of the FMDV polyprotein is the Leader protein (L). Two 
distinct forms of the leader protease (Lab and Lb) are produced since the vims 
contains two functional initiation codons 84 nt apart (Sangar et a l, 1987). The L 
protein has been shown to cleave the L/Pl junction as well as the translation 
initiation factor eIF4G (Devaney et a l, 1988; Medina et a l, 1993). It also stimulates 
the activity of certain picomavims 1RES elements by an unknown mechanism 
(Borman et a l, 1997; Roberts et a l, 1998; Hinton et a l, 2002), Vims-induced 
dismption of cellular protein synthesis may compromise the ability of the cell to 
mount an anti-viral response. Interferons are cellular proteins that trigger various 
antiviral responses within a cell, including the activation of the dsRNA-activated 
protein kinase PKR (Kaufinan, 2000). This kinase phosphorylates the a-subunit of 
eIF2 and hence blocks the initiation step of both host and viral protein synthesis, to
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the obvious detriment of FMDV. Although interferon is induced within FMDV- 
infected cells, the L protease restricts the amount made (Chinsangaram et ah, 1999).
The capsid precursor P1-2A is cleaved into lA (VP4), IB (VP2), 1C (VP3) and ID 
(VPl). The 2A moiety ‘cleaves’ at the junction between 2A and 2B (Donnelly et a l, 
2001; Ryan et a l, 2002). The structural proteins self-associate generating the 
precursors to virus capsid formation; one copy of each lAB, 1C and ID group to 
form a protomer, five protomers assemble into a pentamer and twelve pentamers can 
assemble into an empty capsid lacking the RNA genome (Grubman et a l, 1985), or 
with incorporation of genome into a RNA-containing particle called a provirion 
(Guttman & Baltimore, 1977). A mature virion is formed when lAB is cleaved by an 
unknown mechanism in the presence of viral RNA into 1A and IB.
The P2 precursor is cleaved into 2B and 2C. In FMDV, the 2A protease mediates its 
own cleavage at its C terminus to release it from the 2B region (Grubman & Baxt, 
1982). The 2A peptide remains linked with the PI structural protein precursor as Pl- 
2 A following initial cleavage of the polyprotein. Viral proteinase 3C cleaves the 2A 
firom the PI-2A precursor. Although 2A is not directly involved in RNA replication 
of poliovirus (PV), the 2A protein mediates cleavage of eIF4G, and thus shuts off 
host cell protein synthesis (Etchison et a l, 1982). In PV, 2B protein has been shown 
to increase the permeability of the cell membranes and it also blocks the protein 
secretory pathways (Doedens & Kirkegard, 1995). Both in FMDV and PV, 2B along 
with 2C have been found to localise in membranous vesicles induced by the virus 
that are the sites of RNA replication (Gosert et a l, 2000; Suhy et a l, 2000; Moffat et 
a l, 2005). The functions of these proteins in FMDV are poorly understood however.
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viral protein 2B, its precursor 2BC and 3A in PV have the ability to alter the cell 
membrane permeability when expressed in cells (Doedens & Kirkegard, 1995; Barco 
& Carassco, 1995; van Kuppeveld et a l, 1997). FMDV 2B has been found to locate 
to structures closely associated with the endoplasmic reticulum (ER) and at high 
levels, causing rearrangement of the ER into a honeycomb of membranes close to the 
nucleus (Moffat et a l, 2005).
It has been reported that PV 2C has specific binding affinity for the 3’ end of the 
negative strand RNA but not to the complementary sequence in the positive RNA 
strand (Baneijee et a l, 1997), and the N terminus of 2C involved in membrane 
binding (Argos et al., 1984). The membrane and RNA binding activity of 2C suggest 
that the protein has an important role in viral RNA replication but in FMDV this not 
yet known.
The P3 precursor is processed by the 3C protease into mature proteins; 3A, 3 copies 
of VPg (3B) that are encoded in tandem in the polyprotein, the 3C protease and the 
3D RNA-dependent, RNA polymerase. Partially cleaved intermediates (e.g. 3CD) 
are also formed. It is thought that the 3A protein serves to localise the FMDV RNA 
to membranous vesicles and also plays a role in delivering the VPg/3B protein to 
sites of RNA replication (Bienz et a l, 1983; 1987). VPg is covalently attached to the 
5’-terminal of the FMDV genome and may serve as a primer in RNA synthesis. 
There appears to be a strong selective pressure to maintain three copies of the protein 
in the genome, and this redundancy may be related to the pathogenic potential and 
broad host range of FMDV (Mason et a l, 2003). The 3C protease is responsible for 
most of the cleavages within the polyprotein. In addition, it can also cleave host
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proteins, such as histone H3 (Falk et a l, 1990) and the translation initiation factors 
eIF4A and eIF4GI (Belsham et a l, 2000).
1.4.3 FMDVS’ UTR
The 3’ UTR of FMDV is composed of two regions: a region of approximately 100 nt 
of heterogeneous sequence and the poly(A) tail. Little is known regarding the 3’ 
UTR of FMDV except that the deletion of the heterogeneous sequence blocks 
infectivity (Saiz et a l, 2001), and that the 3’ UTR of FMDV stimulates 1RES 
activity (Lopez de Quinto et a l, 2002). These observations indicate possible RNA- 
RNA or RNA-protein ‘bridging’ interactions between the 5’ and 3’ UTR’s. Unlike 
cellular mRNAs, where the poly(A) tract is added post-transcriptionally, the poly(A) 
tract of picomaviruses is templated during replication by a stretch of poly U in the 
negative strand (Dorsch-Hasler et a l, 1975). The length of the poly(A) tract may be 
important for RNA stability or for a possible interaction between the 3’ and 5’ 
termini of the RNA (Belsham & Martinez-Salas, 2004). In poliovirus the length of 
the poly(A) tail was shown to affect the infectivity of the virus (Spector & 
Baltimore, 1974).
1.4.4 Overview o f FMDV replication
Following virus entry into a host cell, the viral RNA is released to the cytoplasm by 
capsid dissociation occurring in the endosome. The entire replication cycle of the 
virus occurs in the cytoplasm of the infected cell. Translation is initiated by a cap- 
independent mechanism. Polyprotein translation forms all the virus proteins at once 
but the most important proteins in the early phase of infection may be L protease 
which shuts down cell mRNA translation, and an RNA dependant RNA polymerase
11
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(3Dpol). As soon as the viral 3Dpol has been translated and matured, RNA synthesis 
can begin. Other viral proteins are also required at this stage. VPg (3B) acts as the 
primer for RNA synthesis inside membrane-associated complexes that contain other 
viral proteins.
Proteins involved in RNA synthesis are transported to the virus induced membrane 
vesicles and replication occurs on the surface of these vesicles (Flint et ah, 2000).
The positive strand genome is copied into negative strands, which are used as 
templates for the synthesis of more positive strand genomes. Some of these new 
genomes can serve as messengers for further translation or templates for more 
negative strand RNA, others are packaged into progeny virions (Racaniello, 2001). 
How the FMDV life cycle changes from protein synthesis to genome replication is 
poorly understood (Belsham, 1993). The mechanism used by picomaviruses to 
package their genomes is also not fully understood. However, it is most likely that a 
concerted mechanism of assembly is used (Flint et al., 2000), whereby the structural 
proteins of the virion capsid only assemble in association with the RNA genome. 
During assembly, protomers containing one copy each ofVPO, VPl, and VP3 are 
formed; these protomers are the 5S structural unit (Flint et al., 2000). The precise 
mechanism of release of most non-enveloped viruses (including FMDV) from cells 
is not known but is mainly thought to be associated with the lysis of the infected host 
cell (Flint et al., 2000).
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1.5 FMDV pathogenesis
1.5.1 Routes o f infection & minimum infectious dose
Animals can be infected orally, by inhalation of aerosols or intradermally through 
virus introduction into cuts, scratches or bites. Experimental routes of infection 
include subcutaneous (Henderson, 1952; Graves & Cunlifie, 1960), intradermal 
(Henderson, 1949; 1952; Burrows, 1966), intramuscular (Cottral et a l, 1966; 
Donaldson et a l, 1984), intravenous inoculation (Quan et a l, 2004), intranasal 
(McVicar & Sutmoller, 1976; Hughes et a l, 2002a) conjunctival instillation 
(SutmoUer & McVicar, 1973), and exposure to artificially created aerosols (McVicar 
& Eisner, 1983).
The respiratory tract is the usual route of infection (Alexandersen et a l, 2003a), but 
pigs may be an exception to this rule as they appear resistant to aerosol infection. 
Pigs can be infected by eating infected swill and also by direct contact, and also play 
an important role in the airborne spread of FMDV to other species as they shed up to
3,000 times more virus than cattle or sheep (Donaldson et a l, 1970, Donaldson et 
al, 1983, Alexandersen et a l, 2002a, Alexandersen & Donaldson, 2002). In 
contrast, cattle produce relatively little virus in their breath, but are very sensitive to 
aerosol infection (Gibson & Donaldson, 1986; Donaldson et a l, 1987; Alexandersen 
et a l, 2002c). Cattle and sheep have been infected experimentally by as little as 10 
TCIDso by this route (Gibson & Donaldson, 1986; Donaldson et a l, 1987) and under 
natural conditions, airborne spread has been observed as far as 270 km away from a 
source of FMDV (Gloster et a l, 1982).
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The intradermal route is the most reliable route for artificial infection (Aramburu, 
1949; Henderson, 1952; Alexandersen et a l, 2003a) and as little as 100 TCID50 may 
be sufficient (Alexandersen et a l, 2003a). By comparison, the subcutaneous route is 
less efficient requiring up to 250,000 times more, and the intravenous route 600 
times more to establish an infection (Henderson, 1952). Animals are relatively 
insensitive to infection by the oral route, requiring about 10,000 -  100,000 (in pigs) 
or 100,000 -  1,000,000 (in ruminants) TCID50 (Sellers, 1971). For the intranasal and 
intramuscular routes, the minimum infectious dose is: 10"^  to 10^  TCID50 (McVicar & 
Sutmoller, 1976; Burrows et a l, 1981; Donaldson et a l, 1984).
The incubation period for FMD depends on the dose of virus received, the route of 
transmission, the specific strain of FMDV, the animal species concerned and even 
the conditions under which it is kept. It is therefore highly variable, ranging from 1- 
14 days (Alexandersen et a l, 2003b).
1.5.2 Sites o f primary infection
In domestic animals, natural primary infection is airborne delivering FMDV to the 
pharyngeal region, in particular the naso-pharynx and dorsal surface of the soft 
palate (see Fig 1.2). Virus was first recoverable here and viral RNA was most 
regularly detected by RT-PCR firom the dorsal surface of the soft palate (McVicar & 
Sutmoller, 1969, Burrows et a l, 1971, 1981; Alexandersen et a l, 2001; Zhang & 
Alexandersen, 2004). The epithelium in this area is non-comified and contains living 
cells throughout its section. In contrast, the rest of the respiratory tract consists of 
ciliated or comified stratified squamous epithelium that does not appear to be 
susceptible to primary infection (Alexandersen et a l, 2003a). In animals infected by
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direct inoculation into the skin, through cuts or abrasions, FMDV replication takes 
place at the site of entry and virus then spreads to regional lymph nodes and then into 
the circulation (Alexandersen et al., 2001).
Previous investigations of the pathogenesis of FMD in cattle had concluded that the 
nasal mucosae (Korn, 1957) and the lungs (Eskildsen, 1969) were primary sites of 
virus entry and growth. The nasal cavities were sampled extensively but compared 
with other regions; only small amounts of virus were recovered from the nasal 
mucosa (Burrows et al., 1981). In comparison, considerable amounts of virus were 
recovered from the mucosae and lymphoid tissues of the pharyngeal region. These 
results support the current view that the main pathway of oro-nasal virus entry and 
the site of primary infection is in the pharyngeal area (Burrows et al., 1981).
Sutmoller and McVicar (1976) suggested that the lung might also be an additional 
portal of entry of virus. They found that the sequence of virus growth in the pharynx 
and the development of viraemia differed according to the method of exposure. With 
intranasal infection, virus growth in the pharynx preceded the development of 
viraemia by several hours, whereas in animals exposed by contact or to infected 
aerosols, virus growth in the pharynx and a rise in virus blood titres were practically 
simultaneous. They believe that in the latter situations virus is picked up by alveolar 
macrophages which re-enter the circulation and deposit the virus in some target areas 
other than the pharynx. Virus replication in these (as yet unknown) areas results in 
viraemia and the subsequent haematogenous infection of the pharynx and the 
generalisation of infection. The importance of macrophages in the pathogenesis of
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certain virus diseases is well established (Mims, 1964) but their role in FMDV 
pathogenesis has yet to be completely determined.
Later, studies showed that the lungs yielded only a small amount of virus, indicating 
that they probably play only a minor role in FMDV replication (Alexandersen et al.,
2001). This is in agreement with earlier studies on the source of airborne FMDV 
excreted in the breath of infected pigs, which showed that, in the early stages of 
infection, most airborne virus originates from the upper part of the respiratory tract 
but, as infection proceeds, the lower respiratory tract becomes more involved 
(Donaldson & Ferris, 1980). Replication in the lungs has been suggested by others, 
based on in situ hybridisation and virus isolation (Brown et al., 1995; Terpstra, 
1972). However, the actual levels of replication and/or accumulation at those sites 
were not determined. Virus concentrations were near maximal and vesicular lesions 
were evident from day 3 post infection, making that time the most likely point of 
peak airborne virus excretion (Alexandersen et ah, 2001). During peak virus 
excretion the level of FMDV detected in the lung remained low suggesting that the 
lung played little or no role in the replication of FMDV. This is consistent with the 
hypothesis that stratified squamous epithelial cells, especially those in the skin, the 
oral mucosa and the pharynx, are those primarily responsible for the amplification of 
virus. However, this hypothesis is still to be verified. Thus, the airborne virus shed 
most likely originated from stratified squamous epithelia cells, with subsequent 
release of particles into the lumen of the respiratory tract and then transport in breath 
through the trachea, larynx, pharynx, nasal cavities and mouth to the exterior. 
However, the respiratory epithelia as well as lungs may play an indirect role in that
16
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virus produced in the oropharynx may be transported to the lungs by muco-ciliary 
movement or the bloodstream. At this moment this still requires to be characterised.
Figure 1.2 Pharynx region. Diagram illustrates the cross-section o f the pharynx region within an 
animal including the nasal, oral and the laryngeal pharynx. The soft palate (3) is located within the oral 
pharynx. The nasal tonsil (5) is located in the nasal pharynx. Regions: (1) nasal septum, (2) hard palate, 
(3) soft palate, (4) palatopharyngeal arch, (5) roof o f nasopharynx containing nasal tonsil, (6) 
nasopharynx, (7) auditory tube opening, (8) oropharynx, (9) epigottis, (10) esophagus, (11) trachea 
(Dyce. Sack and Wensing ,1996).
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Another study showed that virus instillation into the mammary gland can lead to 
viral replication (Burrows et al., 1971). Although primary infection of the mammary 
gland is unlikely to be a common occurrence in the pathogenesis of FMD, the results 
of experimental inoculation of the udder identified that it is a highly susceptible 
organ that is capable of producing large amounts of virus.
The mechanism by which FMDV initiates infection of cells is thought to be by virus 
attachment to host integrins on the membrane surface of epithelial cells, via the RGD 
loop present on VPl of the viral capsid (Mason et al., 1994, Mateu, et a l, 1996, 
Jackson et a l, 1997, Neff, et a l, 1998). In cell culture, VP3 can also bind to heparin 
like moieties on the cell surface (Fry et a l, 1999). In cattle possible receptors for 
FMDV could be the integrins avp3, avps or avp6 (Rieder et a l, 1994 & 1996, 
Jackson et a l, 1997 & 2000, Neff et a l, 1998 & 2000).
Immunostaining studies in the epithelia of the foot fi*om pigs and cattle have 
illustrated FMDV to be detected within the stratum spinosum, with higher 
concentration of FMDV detected in lesion areas than non-lesions areas (Monaghan 
et a l, 2005a & b). Within the same study, immunostaining of the FMDV receptor 
integrin avp6 was detected on the surface of the stratum spinosum (Monaghan et a l, 
2005b). In the tongue, the highest concentration of FMDV was also detected in the 
stratum spinosum. Again higher levels of FMDV RNA were detected in the 
epithelial cells isolated from lesion sites compared to cells isolated from non-lesion 
areas, with most of the lesions inspected highly developed within the stratum 
spinosum (Monaghan et a l, 2005b). Inconsistent levels of the integrin avp6 
expression were seen within the epithelia of the soft palate (Monaghan et a l, 2005b),
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with no FMDV being detected. It may be possible that the level of FMDV was too 
low to be detected using immunostaining. FMDV may be detected specifically 
within the epithelia of the soft palate by utilising more sensitive techniques such as 
real-time RT-PCR.
L5.S Dissemination and replication o f FMD V
Dissemination of the virus to the rest of the body is thought to occur via the 
lymphatic and circulatory system as virus can be detected first in the lymph nodes 
and then the blood (Burrows et a l, 1981; Alexandersen et a l, 2001). Replication of 
FMDV takes place within comified stratified squamous epithelia of the skin and 
mouth, and in the myocardium of young animals, but not in lymphoid tissue (Cottral 
et ah, 1963; Alexandersen et al., 2002b). In vitro studies of macrophages infected 
with FMDV illustrated that non-stmctural protein 2C may be expressed in infected 
macrophages within 10-24 hours (Rigden et a l, 2002). However, recent 
investigations imply that neither lymph nodes, lymphocytes, nor macrophages play a 
part in FMDV replication and that vims present in lymphoid organs was produced at 
other sites (Alexandersen et a l, 2003a).
1.5.4 Clinical signs
FMD is an acute febrile disease characterised by the formation of vesicles on the foot 
and in and around the mouth. Lameness and loss of appetite are also often 
characteristic features. Lesions may present initially as blanched areas, which 
subsequently develop into vesicles at sites of local irritation or abrasions. 
Consequently, the characteristic lesions form in and aroimd the mouth and on the
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feet. They may also develop on the snout or muzzle, teats, mammary glands, 
prepuce, vulva and other sites on skin or mucosal surfaces.
Clinical disease in pigs infected with FMDV is usually severe. The first clinical 
signs can be depression, anorexia and fever. This is followed by lameness and feet 
may be warm to the touch 1-2 days before the appearance of vesicular lesions (Fig. 
1.3 & Fig. 1.4). Lesions develop in areas affected by persistent local irritation or 
friction (Thomson, 1994), such as the coronary band of the digits, interdigital space, 
pressure points (such as the knees and hocks), snout, buccal mucosa, tongue and 
teats (in suckling animals or dairy cows in lactation) (Kitching and Alexandersen,
2002). In severely affected pigs, the hooves may slough off, exposing the corium.
The clinical signs in cattle are often more obvious than those in pigs (Fig. 1.4) and 
include the drooling of saliva and rather severe vesicular mouth lesions; however, 
lesions may also be seen on the feet (interdigital space, bulb of the heel and the 
coronary band), and elsewhere.
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Figure 1.3
Mgure 1.2 Ulmical signs ot FMUV in pigs. A: lameness B: lesion on the tongue, C: sloughed hoof. Airows 
indicate lesion. Pictures taken Alexandersen et al., 2003b
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Figure 1.4
Figure 1.3 Clinical signs o f FMDV in cattle. A: drooling o f saliva, B: lesions on the dental pad, C; lesion 
on the snout. Arrows indicate lesions. Pictures taken Alexandersen et al., 2003b
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1.5.5 Persistence
For more than 100 years, it had been suspected that cattle, which had recovered from 
FMD, could still spread the infection (Salt, 1993, Sutmoller et ah, 2003,) because 
outbreaks were documented of FMD-free areas following the introduction of healthy 
convalescent cattle. However, despite numerous experimental attempts transmission 
of FMDV from a carrier bovine to a susceptible in-contact animal has not been 
shown (Alexandersen et al., 2003a).
Ruminants that recover from infection and disease (and vaccinated ruminants that 
have had contact with live virus) may retain infectious virus in the pharyngeal region 
for a variable period of time (Barnett & Cox, 1999). Animals in which FMDV 
persists in the oesophageal-pharyngeal region for more than 28 days are referred to 
as carriers (Salt, 1993, Zhang & Kitching, 2001, Alexandersen et al., 2002c, 2003a, 
Zhang & Alexandersen, 2003). The duration of the carrier state varies between 
individuals of the same species as well as between different species. In cattle, FMDV 
has been detected up to 3.5 years after infection (Hargreaves, 1994, Alexandersen et 
al., 2002c). In sheep and goats it can last up to 9 months (Burrows, 1968, Salt, 1993, 
Zhang & Kitching, 2001, Alexandersen et al., 2002c, Kitching, 2002a) and in the 
African buffalo at least 5 years (Condy et al, 1985, Salt, 1993, Donn et al., 1995, 
Alexandersen et al., 2002c, Kitching, 2002a).
A screening method to detect persistently infected cattle was first developed in the 
Netherlands in 1959 (reviewed Sutmoller et al., 2003). This involved testing for 
virus in samples collected from the throat and has been applied as a routine 
procedure in almost all other countries with FMD outbreaks. Fluid and cellular
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debris from the pharynx and upper oesophagus (OP fluid) are collected using a small 
beaker attached to a wire handle (probang cup) originally used by van Bekkum et al, 
(1959)
The factors that govern the induction of a persistent infection in some individuals 
and not in others, or between species are not known. Severity of infection seems not 
to be relevant as the carrier state may develop either following overt clinical disease 
or sub-clinical infection. Several hypotheses have been put forward for possible 
mechanisms involved. One is that the virus evades the host immune response by 
infecting cells of the immune system itself or invading immunologically privileged 
sites where it cannot be eliminated. Another suggestion is that the virus may mutate 
allowing it to persist for example by reducing its lytic effect with a subsequent 
mutation restoring the lytic capability of the virus (Alexandersen et a l, 2003a). In 
addition to the pharynx, other sites of viral persistence include the mammary gland, 
testicles, pituitary, pancreas and thyroid (Cottral et a l, 1968, Sellers et a l, 1968b, 
1969, Burrows et a l, 1971, de Leeuw et a l, 1978, Alexandersen et a l, 2002c).
24
Introduction Chapter I
1.6 Epithelia structure and function
In order to understand the progression of infection within an animal it is necessary 
first to understand the tissues involved. Epithelia in particular are designed to 
withstand constant abrasion and have a complex structure. Stratified epithelia consist 
of two or more layers of cells and only the basal layer rests on the basement 
membrane. Stratified squamous epithelium may be keratinized or non-keratinized 
(Fig 1.5). The epithelium is made up of many different epithelial cells types. At the 
bottom of the epithelium are the basal cells forming a mitotically active layer: and 
the new cells are continually formed and pushed towards the surface, moving away 
fi-om the nourishing capillary bed beneath the epithelium. As a cell divides 
producing two daughter cells, one daughter cell migrates away firom the basal layer 
and initiates differentiation while the other daughter cell continues to divide in the 
basal layer and provides a reservoir for more cell divisions. Basal cells differentiate 
into spinosum cells, which are involved in synthesis of keratin. Spinosum cells then 
further differentiate into granulosum (granular) cells with accumulation of 
keratohyalin granules. These cells finally differentiate into the comeum (comified) 
cells. These cells are dead or dying by the time they reach the surface. There they 
lose their nuclei and become detached and only on the surface layers are the cells 
squamous. In some sites, such as the epidermis and the tongue, the cells become 
keratinized and form a protective waterproof layer on the surface.
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Figure 1.5 Diagram illustrates the different cells o f the epithelium. The stratum basale cells are 
involved in DNA synthesis and cell division. Some o f the daughter cells o f the stratum basale cells 
leave cell cycle and differentiate into the spinosum, granulosum and comeum cells. (Taken from 
Glasgow University Virology booklet. Dr. S. Graham).
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1.6.1 Skin epithelium
Skin epithelium (Fig 1.6), is classified as either thick or thin. Thick skin occurs in 
areas of friction and localised regions such as the footpad, and thin skin occurs over 
rest of the body. The basal or germinal layer (stratum basale, stratum germinative) 
consists of a mitotically active layer of columnar or cuboidal kératinocytes on a 
basement membrane adjacent to the dermis. In the spinosum layer (stratum 
spinosum) the kératinocytes are cuboidal, polygonal or flattened. These cells have 
delicate radiating processes termed tonofilaments that connect with similar cells. The 
granular layer (stratum granulosum) is formed by cells migrating towards the surface 
and accumulating basophilic granules of keratohyalin in the cytoplasm. These 
granules are a keratin precursor. In the clear layer (stratum lucidum), cells approach 
the surface and the nuclei die the cell loses its clear-cut outline and becomes 
homogeneous and translucent. The comified layer (stratum comeum) or the outer 
layer is keratinized, and consists of cells that are anucleate. The number of cell layers 
varies considerably from 2 -  4 in thin skin to 12 -  20 in thick skin.
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Figure 1.6 Diagram illustrates the epithelium o f the foot from pig with the different cell 
layers. Hematoxylin and Eoin stained paraffin section, picture taken using the Leica LMD- 
AS microscope.
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1.6.2 Tongue epithelium
The tongue is a freely movable muscular organ covered by a mucous membrane, 
parts of which are modified to conform to its function as an organ of mastication and 
taste. The mucosa is composed of thick stratified squamous epithelium (Fig 1.7) 
which is similar to that found on the foot skin.
Çorneurh
jOranqlosurh;
asal
X4
Figure 1.7 Diagram illustrates the epithelium o f the tongue from pig with the different cell layers. 
Hematoxylin and Eoin stained paraffin section, picture taken using the Leica LMD-AS microscope.
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1.6.3. Soft palate epithelium
The soft palate is the posterior part of the roof of the mouth. During swallowing, the 
soft palate separates the nasopharynx from the oropharynx by means of the 
epiglottis. The oral surface of the soft palate is covered with the stratified squamous 
epithelium (Fig 1.8A). At some distance from the posterior edge, the stratified 
squamous epithelium is replaced by a non-comified, pseudostratified-squamous 
epithelium (Fig 1 .SB).
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Figure 1.8 Diagram illustrates the different epithelium on the dorsal and ventral sides o f the soft 
palate from pig. A: pesudostratifed epithelia on dorsal surface, B: normal stratified on ventral surface. 
Hematoxylin and Eoin stained paraffin section, picture taken using the Leica LMD-AS microscope.
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1.7 Pathology
Early lesions can only be detected by microscopical examination (Gailiunas 1968; 
Yilma 1980), and FMDV has been detected in significant amounts fi*om normal 
looking skin which have no macroscopic or histopathological changes (Brown et a l, 
1992, 1995, Alexandersen et a l, 2001). Histopathological changes can be first 
detected in the comified, stratified squamous epithelium and are characterized by 
ballooning degeneration and increased eosinophilic stained cells in the stratum 
spinosum and the onset of intercellular oedema within the dermis (Alexandersen et 
al, 2003a). This is followed by necrosis and subsequent mononuclear cell and 
granulocyte infiltration and lesions become macroscopically visible and develop into 
vesicles by separation of the epithelium fi*om the underlying tissue as the resulting 
cavities fill with vesicular fluid. In some cases, large amounts of fluid are produced 
and the vesicles can become extensive. In other cases the amount of fluid is limited 
and the epithelium undergoes necrosis or is tom off by physical trauma and 
conspicuous vesicles do not form. This variability in vesicle formation may be due to 
a combination of the degree of virulence of the specific strain of FMDV, the 
composition of the epithelium affected and the husbandry of host animals.
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1.8 Laser Micro Dissection
Laser microdissection (LMD) is a rapid method to procure specifically enriched 
populations of targeted cells fi"om microscopic regions of tissue sections for 
subsequent analysis. LMD was conceived and developed as a research tool at the 
National Institutes of Health (NIH) (Emmert-Buck et a l, 1996). In combination with 
sensitive analytical procedures such as PCR, microdissection of histological sections 
or cytological preparations has recently gained importance as a tool to obtain 
purified cell populations fi-om complex primary tissues. The precision of lasers has 
been exploited for micro-dissection (Emmert-Buck et a l, 1996, Becker et a l, 1997, 
Bonner et a l, 1997, Fink et a l, 1998). One of the techniques is laser microbeam 
microdissection (LMM) that uses a pulsed UV laser with a small beam focus to cut 
out areas or cells of interest by photoablation of adjacent tissue. The second 
technique is laser capture microdissection (LCM), which was developed at the 
National Cancer Institute of the National Institutes of Health, Bethesda (Emmert- 
Buck et a l, 1996, Becker et a l, 1997, Bonner et a l, 1997). Here the operator views 
the tissue and selects microscopic clusters of cells for analysis then activates the 
laser within the microscope optics. The pulsed laser beam is absorbed within the 
precise spot on the transfer film immediately above the target cells. At this precise 
location, the film melts and fuses with the underlying cells of choice. When the film 
is removed, the chosen cells remain bound to the film, while the rest of the tissue is 
left behind.
The laser microdissection method in this study uses the UV pulse laser to dissect 
cells that fall by gravity into the cap of a collection tube. The cap can then be 
visually inspected to confirm the isolation of the tissue samples.
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1.8.1 Applications o f laser microdissection
Although the first description of the use of laser light for micro-dissection of tissue 
were published in 1976 (Isenberg et al, 1976, Meier-Ruge et al, 1976), it was not 
until efficient analytical methods were introduced for small amounts of biological 
material that this technique has found widespread use.
Microdissection is an established method to obtain the analysis of genetic alterations 
at the DNA and RNA level from both fresh and frozen tissues and cell preparations. 
The analysis of tissue or cell-specific expression is important in many fields of 
biological research. The identification of gene expression patterns related to 
pathogenesis of disease, infection by microbes and viruses and neoplastic 
transformation may produce important advances not only for diagnostic and 
prognostic purposes, but also in the development of preventative medicine and 
vaccines. Microdissecion is starting to be used widely in clinical and veterinary 
virology. Huber et al (2004) investigated the gene expression associated with 
squamous carcinomas in white rabbits infected with cottontail rabbit papillomavirus 
(CRPV) in New Zealand. The method of subtractive cDNA hybridisation 
(Diatchenko et al, 1996) was carried out initially to screen for tumour-specific 
genes. Messenger RNA transcripts which were found to be specific were quantified 
by real-time RT-PCR, and their expression in tumour cells was confirmed by RNA 
in situ hybridisation and laser capture microdissection followed by quantitative RT- 
PCR analysis. The study showed that the malignant progression of CRPV-induced 
tumours is accompanied by an up-regulation of genes that are directly involved in 
cell motility and tissue invasion.
32
Introduction Chapter I
The severity of liver damage in patients with chronic hepatitis B is dependent on 
several factors such as sub-cellular localisation of hepatitis B core antigen (HBcAg) 
and mutation of Hepatitis B virus (HBV) DNA. Hepatocytes from liver biopsies 
showing expression of HBcAg only in the cytoplasm, only in the nucleus, and in 
both cytoplasm and nucleus of different hepatocytes were isolated using LMD and 
were examined for nucleotide sequences of HBV DNA of the core promoter site 
(Kawai et al, 2003). The results showed that cytoplasmic distribution of HBcAg was 
associated with HBV DNA mutations at nt 1762 and 1764.
For hepatitis C virus (HCV), a study was carried out to develop an accurate protocol 
for intra-HCV RNA quantification (Vona et al, 2004). This method was adopted to 
investigate whether serum and intraheptic viral loads and HCV antigen expression 
correlated with the severity of disease.
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1.9 Objectives
1.9.1 Development o f Laser MicroDissection (LMD) to detect FMDVRNA in
Epithelial tissues
The main aim of this project was to describe the molecular pathogenesis of FMDV 
and the induction of disease in the acute stage of infection. Quantitative analysis of 
FMDV RNA within tissues has been described (Alexandersen et al., 2001, 
Alexandersen et al, 2003, Quan et al., 2004, Zhang and Alexandersen, 2004), 
however these studies have been somewhat limited as the work illustrates the levels 
of FMDV RNA within tissues and not within the epithelia. The combined techniques 
of LMD and real-time quantitative RT-PCR provide a powerftd tool with which to 
quantify viral RNA within epithelia or cell layers with hitherto impossible precision. 
It is hoped that the LMD system can be used to isolate different cell layers from the 
epithelia of tissues and FMDV RNA quantified using RT-PCR.
• The first objective was to develop the laser microdissection technique to be 
coupled with RT-PCR to detect and quantify FMDV within the epithelia of 
tissues.
• Such a study has not been implemented before, and will allow FMDV 
infection to be studied within a microscopical scale within tissues.
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1.9.2. Distribution ofFMDV RNA within Porcine and Bovine epithelia
After the development of the LMD-PCR system to detect FMDV RNA, the study
will attempt to describe the sequence of focal viral spread within the epithelia of
foot-skin, tongue and soft palate of pigs and cattle during the course of acute
infection.
•  Levels of FMDV RNA will be detected and quantified within microdissected 
samples of the epithelia from different tissues.
• Within each epithelium, viral RNA will be quantified within the stratum 
comeum and granulosum, stratum spinosum and stratum basale from the 
foot-skin, tongue and soft palate.
The hypothesis that histopathology (lesion formation) is related to virus load within 
the tissues will also be investigated.
• Levels of FMDV RNA will be determined in tissues (foot-skin and tongue) 
where lesions do form and in the soft palate where they do not.
• Additionally, the observations of distribution and localization of FMDV 
infection within the different tissues will provide an important insight into the 
kinetics of FMDV replication and will determine whether infection spreads 
from the base of the epithelium and progresses to the surface or vice versa.
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1.0 Literature Review
1.1 Overview of Foot-and-Mouth Disease
Foot-and-mouth disease (FMD) is caused by foot-and mouth disease virus (FMDV), 
which is classified within the Aphthovirus genus (Table 1.1), of the family 
Picornaviridae (Brown et ah, 1992, Belsham, 1993). FMD affects a wide host range 
and is one of the most contagious diseases of animals, as a result of the low 
infectious dose, the numerous routes of infection, the rapid replication of the virus 
within its host and the large quantities of virus released by infected animals 
(Alexandersen et a l, 2001; Alexandersen et a l, 2003a). In addition, the cost of 
eradication may be enormous and thus FMD is highly significant economically. The 
outbreak in the United Kingdom in 2001 was estimated to have cost some £3.1 
billion to the agriculture and food supply sectors, with a similar cost to the tourism 
industry (Thompson et a l, 2002). The total economic cost to Taiwan’s pig industry 
after an FMD outbreak in 1997 was estimated to be about US$1.6 billion (Yang et 
al, 1999). Precautionary measures are thus deemed necessary by FMDV-fi*ee 
nations and these exert a restrictive influence on international trade in livestock and 
livestock products firom cloven-hoofed animals (Alexandersen et a l, 2003a).
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1.2 Historical Perspectives
The first reliable description of FMD was in 1514 (Fracastorius, 1546) - when 
herdsmen reported 'a sort o f roughness with lumps and pustules in the mouth, and 
the infected animal had to be removed at once from the herd, or the whole herd 
became infected. Gradually this distemper descended to the shoulders and thence to 
the feet... ' (translated in Wright, 1930). In 1764 Jean-Baptiste Sagar discovered that 
the cattle disease was infectious and could be transmitted between different species. 
In 1765, Sagar described clinical signs in cattle, small ruminants and pigs. He stated 
that the onset of disease was marked by dullness, elevated temperature with 
reddened eyes and the interior of the mouth. The causative agent of foot and mouth 
disease was identified as a virus by Loeffler and Frosch (1897). They identified 
FMDV as the first animal infectious agent small enough to pass through Berkfeld 
filters and in doing so founded the modem era of animal virology. Serotype variation 
was reported in 1922 explaining why cattle that had recovered from FMD were not 
always resistant to re-infection (Vallee & Carre, 1922). The serotype prevalent in 
France was designated type O (Oise valley). Vims that could re-infect animals 
recovered fi-om type O was called type A, (Allemand) (Vallee & Carre, 1928). A 
third type was discovered soon afterwards (Waldmann & Trautwein, 1926) and 
named type C, as the authors proposed re-designation of the pre-existing serotypes as 
A and B. Further serotypic variations were identified in the Southern Afiican 
Territories in 1948 by the British Animal Vims Research Institute and termed SAT
1.2 and 3 (Cottral & Gailiunas, 1971; Brooksby, 1982). The last serotype reported to 
date termed, Asia 1 and originated fi*om Pakistan in 1954. It was so-named in 
anticipation of further variants fi-om this region (Brooksby & Rogers, 1957).
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1.3 Structure of FMDV
FMDV is a non-enveloped virus, an icosahedral particle constructed with cubic 
symmetry, and appears almost spherical under the electron microscope. It has a 
diameter of around 25-30 nm and each virion is composed of a protein shell (capsid) 
surrounding the positively stranded RNA (Knipe et a l, 2001). The capsid is 
composed of 60 copies of each of four proteins termed VPl, VP2, VP3 and VP4 
(Sanger et a l, 1976; Belsham, 1993). VPl, VP2, VP3 are exposed on the external 
surface of the virion whilst VP4 is internal and makes contact with the RNA. VP4 is 
modified by a myristoylation group at its amino terminus. Physically FMDV is quite 
robust; in common with other non-enveloped viruses it is insensitive to organic 
solvents as it lacks a lipid envelope but like other respiratory viruses in this family it 
is acid-labile and inactivated below pH 6.8 (Randrup, 1954). Enterically infecting 
viruses fi*om the Picomaviruses are acid resistant e.g. cardio-, entero-, hepato- and 
parechoviruses (Knipe et a l, 2001).
1.4 Genomic Organisation of FMDV
The FMDV genome is a single strand of positive sense RNA approximately 8400 
nucleotides in length (Belsham 1993). The RNA is polyadenylated at its 3’ end, and 
has a small protein, VPg, covalently linked to its 5' end. The deproteinated FMDV 
RNA genome is infectious on transfection (Follett et a l, 1975). The genome can be 
divided into three main functional regions: (i) the 5' untranslated region (UTR); (ii) 
the translated region; and (iii) the 3' untranslated region (see Fig. 1.1).
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Figure 1.1 Genome organization of FMDV (Belsham & Martinez-Salas, 2004).
The genome contains a 5’ untranslated region (UTR), a single open reading frame that encodes a 
polyprotein which is co-translationally cleaved (indicated by curved arrows as specific sites) by viral 
proteins into products P1-2A, P2 & P3, and a 3’ UTR. Products listed: L/Lpro (Lb/ Lab): Leader 
protease, lA  (VP4), IB (VP2), 1C (VP3), ID (VPl): structural proteins, 2A: Protease, 2B: Involved 
cell permeability & blockage o f secretory pathways, 2C: Involved in RNA replication, 3A: unknown 
3B: Primer for RNA synthesis 3C: Protease, 3D: Polymerase
Picomavirus Genera
Enteroviruses Poliovirus (PV), Human Enterovirus (A, B, C, D). Coxsackie Virus, Simian 
Enterovirus A, Bovine Enterovirus, Porcine Enterovirus, Swine vesicular 
disease virus (SVD)
Rhinoviruses Human Rhinovirus A (HRV-A), Human Rhinovirus B (HRV-B),
Cardloviruses Encephatomyocarditis virus (EMCV), Theilovirus, Theiler's murine 
encephalomyelitisvirus (TMEV), Theiler's like virus (TLV)
Apthoviruses Foot-and-Mouth Disease virus (FMDV), Equine rhinitis A virus (ERAV)
Hepatovlruses Hepatitis A virus (HAV), Avian encephalomyelitis virus (AEV)
Parechoviruses Human parechovirus (HPeV), Ljunganvirus
Erbovi ruses Equine rhinitis B virus (ERBV)
Kobuvirus Aichi Virus, Bovine Kobuvirus
Teschovirus Porcine Teschovirus
Table 1.1 Picornaviridae family. List o f the different virus species within each Picomavirus genera
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1.4.1 FMDV5  ^UTR
The 5' UTR, is around 1300 nt in length and comprises of several discrete regions. 
The first is a single long stem loop structure of about 360 nt in length called the short 
fragment or S fragment (Clarke et a l, 1987; Escarmis et a l, 1992; Witwer et al, 
2001). The function of the S-fragment is not known, but it may facilitate replication 
and/or translation, play a role in the switch from translation to replication or protect 
the RNA from degradation (Belsham & Martinez-Salas, 2004).
All Aphthoviruses possess a poly(C) tract within the 5' UTR and in the case of 
FMDV this is thought to associate with the cellular Poly(C) Binding Protein (PCBP). 
This may play a role in genome circularization and/or the switch from translation to 
replication in FMDV, especially as this is proposed to occur for Polio virus (Barton 
et a l, 2001; Herold & Andino, 2001). A pseudoknot region follows the poly (C) 
tract but its function is currently unknown.
The termini of all picomaviruses must be involved in genome replication and one 
important area, the cw-acting replication element {ere) was described in 2002. This 
is located in the 5' UTR adjacent to the pseudoknot region and is thought to form a 
stable stem-loop structure (Mason et a l, 2002). The ere is involved in the vims 
polymerase 3D^°-mediated uridylation of protein 3B (Paul et a l, 2000; Rieder et a l, 
2000). This is an essential step in replication as uridylated 3B pUpU-3B serves as the 
primer for RNA synthesis. In FMDV, it appears that the ere can be complemented in 
trans and that this element should rather be called a 3B-uridylation site (Tiley et a l,
2003).
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Notable by its absence from the FMDV RNA is a 5' methylated cap structure. This 
was initially puzzling as translation of eukaryotic mRNA was then thought to depend 
on the recognition of a 5' 7-methyl-G cap structure in association with initiation 
factors and the small ribosomal subunit directing ribosome assembly to the vicinity 
of the mRNA (Prevot et a l, 2003). In common with other 1RES (Internal ribosomal 
entry site) structures that of FMDV is highly structured (Belsham & Brangwyn, 
1990; Kuhn et a l, 1990; Martinez-Salas et a l, 1993) and certainly more complex 
than the 5' UTR of many cellular messages. The apparent discrepancy of an absent 
cap structure was resolved when the 1RES of picomaviruses was found to 
fimctionally replace these features and permit initiation of translation by a then novel 
process of cap-dependent translation. This also provided an explanation for the 
purpose for the process of cap-independent translation by these vimses (Devaney et 
al, 1988, Medina, et al, 1993, Belsham, et al, 2000). Since FMDV does not require 
cap recognition for translation whereas cellular messages do, the vims is able to 
dismpt these processes in the infected cell thus preventing translation of cellular 
mRNA and diverting resources towards the manufacture of vims products. FMDV 
has developed a specific mechanism to achieve this end involving the cleavage of the 
translation initiation factor eEF4G as well as eIF4A which is a component of the cap 
binding complex by vims-specified proteases (Devaney et a l, 1988; Medina et a l, 
1993, Belsham et al., 2000), of FMDV. Although intact eIF4G is not necessary for 
IRES-mediated translation, a cleaved portion is still required to recmit the small 
ribosomal subunit to IRES-containing mRNA. The result is that eIF4G cleavage 
inactivates cap-dependent translation whilst cap-independent translation may 
proceed.
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1.4.2 FMDVtranslated region
The translated region consists of a single open reading frame some 7000 nt long in 
which all virus proteins are encoded end-to-end as a large polyprotein. In common 
with other picomaviruses stmctural proteins are located at the N terminus and non- 
stmctural proteins at the C terminus end. This may reflect a primitive attempt at 
regulation since any early termination in translation would tend to over represent the 
products from the 5’ end of the message. This makes sense since these are the 
proteins required in greatest amounts. The FMDV polyprotein is co-translationally 
cleaved by vims-encoded proteases (Figure 1.1), and thus the full-length polyprotein 
is never observed. The cleavage process generates a variety of mature proteins 
required by the vims but also some partially cleaved intermediates. These may have 
distinct fimctions in their own right and often serve a regulatory role.
The first component of the FMDV polyprotein is the Leader protein (L). Two 
distinct forms of the leader protease (Lab and Lb) are produced since the vims 
contains two functional initiation codons 84 nt apart (Sangar et a l, 1987). The L 
protein has been shown to cleave the L/Pl junction as well as the translation 
initiation factor eIF4G (Devaney et a l, 1988; Medina et a l, 1993). It also stimulates 
the activity of certain picomavims 1RES elements by an unknown mechanism 
(Borman et a l, 1997; Roberts et a l, 1998; Hinton et a l, 2002). Vims-induced 
dismption of cellular protein synthesis may compromise the ability of the cell to 
mount an anti-viral response. Interferons are cellular proteins that trigger various 
antiviral responses within a cell, including the activation of the dsRNA-activated 
protein kinase PKR (Kaufinan, 2000). This kinase phosphorylates the a-subunit of 
eIF2 and hence blocks the initiation step of both host and viral protein synthesis, to
Introduction Chapter 1
1.5 FMDV pathogenesis
1.5.1 Routes o f infection & minimum infectious dose
Animals can be infected orally, by inhalation of aerosols or intradermally through 
virus introduction into cuts, scratches or bites. Experimental routes of infection 
include subcutaneous (Henderson, 1952; Graves & Cunliffe, 1960), intradermal 
(Henderson, 1949; 1952; Burrows, 1966), intramuscular (Cottral et a l, 1966; 
Donaldson et a l, 1984), intravenous inoculation (Quan et a l, 2004), intranasal 
(McVicar & Sutmoller, 1976; Hughes et a l, 2002a) conjunctival instillation 
(Sutmoller & McVicar, 1973), and exposure to artificially created aerosols (McVicar 
& Eisner, 1983).
The respiratory tract is the usual route of infection (Alexandersen et a l, 2003a), but 
pigs may be an exception to this rule as they appear resistant to aerosol infection. 
Pigs can be infected by eating infected swill and also by direct contact, and also play 
an important role in the airborne spread of FMDV to other species as they shed up to
3,000 times more virus than cattle or sheep (Donaldson et a l, 1970, Donaldson et 
al, 1983, Alexandersen et a l, 2002a, Alexandersen & Donaldson, 2002). In 
contrast, cattle produce relatively little virus in their breath, but are very sensitive to 
aerosol infection (Gibson & Donaldson, 1986; Donaldson et a l, 1987; Alexandersen 
et a l, 2002c). Cattle and sheep have been infected experimentally by as little as 10 
TCIDso by this route (Gibson & Donaldson, 1986; Donaldson et a l, 1987) and under 
natural conditions, airborne spread has been observed as far as 270 km away from a 
source of FMDV {GIosXqt et a l, 1982).
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The intradermal route is the most reliable route for artificial infection (Aramburu, 
1949; Henderson, 1952; Alexandersen et a l, 2003a) and as little as 100 TCID50 may 
be sufficient (Alexandersen et a l, 2003a). By comparison, the subcutaneous route is 
less efficient requiring up to 250,000 times more, and the intravenous route 600 
times more to establish an infection (Henderson, 1952). Animals are relatively 
insensitive to infection by the oral route, requiring about 10,000 -  100,000 (in pigs) 
or 100,000 -  1,000,000 (in ruminants) TCID50 (Sellers, 1971). For the intranasal and 
intramuscular routes, the minimum infectious dose is: 10"^  to 10^  TCID50 (McVicar & 
Sutmoller, 1976; Burrows et at., 1981; Donaldson ef a/., 1984).
The incubation period for FMD depends on the dose of virus received, the route of 
transmission, the specific strain of FMDV, the animal species concerned and even 
the conditions under which it is kept. It is therefore highly variable, ranging fi-om 1- 
14 days (Alexandersen et a l, 2003b).
1.5.2 Sites o f primary infection
In domestic animals, natural primary infection is airbome delivering FMDV to the 
pharyngeal region, in particular the naso-pharynx and dorsal surface of the soft 
palate (see Fig 1.2). Virus was first recoverable here and viral RNA was most 
regularly detected by RT-PCR from the dorsal surface of the soft palate (McVicar & 
Sutmoller, 1969, Burrows et a l, 1971, 1981; Alexandersen et a l, 2001; Zhang & 
Alexandersen, 2004). The epithelium in this area is non-comified and contains living 
cells throughout its section. In contrast, the rest of the respiratory tract consists of 
ciliated or comified stratified squamous epithelium that does not appear to be 
susceptible to primary infection (Alexandersen et a l, 2003a). In animals infected by
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direct inoculation into the skin, through cuts or abrasions, FMDV replication takes 
place at the site of entry and virus then spreads to regional lymph nodes and then into 
the circulation (Alexandersen et ah, 2001).
Previous investigations of the pathogenesis of FMD in cattle had concluded that the 
nasal mucosae (Korn, 1957) and the lungs (Eskildsen, 1969) were primary sites of 
virus entry and growth. The nasal cavities were sampled extensively but compared 
with other regions; only small amounts of virus were recovered from the nasal 
mucosa (Burrows et ah, 1981). In comparison, considerable amounts of virus were 
recovered from the mucosae and lymphoid tissues of the pharyngeal region. These 
results support the current view that the main pathway of oro-nasal virus entry and 
the site of primary infection is in the pharyngeal area (Burrows et al., 1981).
Sutmoller and McVicar (1976) suggested that the lung might also be an additional 
portal of entry of virus. They found that the sequence of virus growth in the pharynx 
and the development of viraemia differed according to the method of exposure. With 
intranasal infection, virus growth in the pharynx preceded the development of 
viraemia by several hours, whereas in animals exposed by contact or to infected 
aerosols, virus growth in the pharynx and a rise in virus blood titres were practically 
simultaneous. They believe that in the latter situations virus is picked up by alveolar 
macrophages which re-enter the circulation and deposit the virus in some target areas 
other than the pharynx. Virus replication in these (as yet unknown) areas results in 
viraemia and the subsequent haematogenous infection of the pharynx and the 
generalisation of infection. The importance of macrophages in the pathogenesis of
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certain virus diseases is well established (Mims, 1964) but their role in FMDV 
pathogenesis has yet to be completely determined.
Later, studies showed that the lungs yielded only a small amount of virus, indicating 
that they probably play only a minor role in FMDV replication (Alexandersen et ah,
2001). This is in agreement with earlier studies on the source of airbome FMDV 
excreted in the breath of infected pigs, which showed that, in the early stages of 
infection, most airbome vims originates from the upper part of the respiratory tract 
but, as infection proceeds, the lower respiratory tract becomes more involved 
(Donaldson & Ferris, 1980). Replication in the lungs has been suggested by others, 
based on in situ hybridisation and virus isolation (Brown et a l, 1995; Terpstra, 
1972). However, the actual levels of replication and/or accumulation at those sites 
were not determined. Vims concentrations were near maximal and vesicular lesions 
were evident from day 3 post infection, making that time the most likely point of 
peak airbome vims excretion (Alexandersen et ah, 2001). During peak vims 
excretion the level of FMDV detected in the lung remained low suggesting that the 
lung played little or no role in the replication of FMDV. This is consistent with the 
hypothesis that stratified squamous epithelial cells, especially those in the skin, the 
oral mucosa and the pharynx, are those primarily responsible for the amplification of 
vims. However, this hypothesis is still to be verified. Thus, the airbome vims shed 
most likely originated from stratified squamous epithelia cells, with subsequent 
release of particles into the lumen of the respiratory tract and then transport in breath 
through the trachea, larynx, pharynx, nasal cavities and mouth to the exterior. 
However, the respiratory epithelia as well as lungs may play an indirect role in that
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virus produced in the oropharynx may be transported to the lungs by muco-ciliary 
movement or the bloodstream. At this moment this still requires to be characterised.
Figure 1.2 Pharynx region. Diagram illustrates the cross-section o f the pharynx region within an 
animal including the nasal, oral and the laryngeal pharynx. The soft palate (3) is located within the oral 
pharynx. The nasal tonsil (5) is located in the nasal pharynx. Regions: (1) nasal septum, (2) hard palate, 
(3) soft palate, (4) palatopharyngeal arch, (5) roof o f nasopharynx containing nasal tonsil, (6) 
nasopharynx, (7) auditory tube opening, (8) oropharynx, (9) epigottis, (10) esophagus, (11) trachea 
(Dyce,Sack and Wensing ,1996).
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with no FMDV being detected. It may be possible that the level of FMDV was too 
low to be detected using immunostaining. FMDV may be detected specifically 
within the epithelia of the soft palate by utilising more sensitive techniques such as 
real-time RT-PCR.
1.5.3 Dissemination and replication o f FMD V
Dissemination of the virus to the rest of the body is thought to occur via the 
lymphatic and circulatory system as virus can be detected first in the lymph nodes 
and then the blood (Burrows et ah, 1981; Alexandersen et ah, 2001). Replication of 
FMDV takes place within comified stratified squamous epithelia of the skin and 
mouth, and in the myocardium of young animals, but not in lymphoid tissue (Cottral 
et ah, 1963; Alexandersen et ah, 2002b). In vitro studies of macrophages infected 
with FMDV illustrated that non-stmctural protein 2C may be expressed in infected 
macrophages within 10-24 hours (Rigden et ah, 2002). However, recent 
investigations imply that neither lymph nodes, lymphocytes, nor macrophages play a 
part in FMDV replication and that vims present in lymphoid organs was produced at 
other sites (Alexandersen et ah, 2003a).
1.5.4 Clinical signs
FMD is an acute febrile disease characterised by the formation of vesicles on the foot 
and in and around the mouth. Lameness and loss of appetite are also often 
characteristic features. Lesions may present initially as blanched areas, which 
subsequently develop into vesicles at sites of local irritation or abrasions. 
Consequently, the characteristic lesions form in and around the mouth and on the
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feet. They may also develop on the snout or muzzle, teats, mammary glands, 
prepuce, vulva and other sites on skin or mucosal surfaces.
Clinical disease in pigs infected with FMDV is usually severe. The first clinical 
signs can be depression, anorexia and fever. This is followed by lameness and feet 
may be warm to the touch 1-2 days before the appearance of vesicular lesions (Fig.
1.3 & Fig. 1.4). Lesions develop in areas affected by persistent local irritation or 
friction (Thomson, 1994), such as the coronary band of the digits, interdigital space, 
pressure points (such as the knees and hocks), snout, buccal mucosa, tongue and 
teats (in suckling animals or dairy cows in lactation) (Kitching and Alexandersen,
2002). In severely affected pigs, the hooves may slough off, exposing the corium.
The clinical signs in cattle are often more obvious than those in pigs (Fig. 1.4) and 
include the drooling of saliva and rather severe vesicular mouth lesions; however, 
lesions may also be seen on the feet (interdigital space, bulb of the heel and the 
coronary band), and elsewhere.
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1.5.5 Persistence
For more than 100 years, it had been suspected that cattle, which had recovered from 
FMD, could still spread the infection (Salt, 1993, Sutmoller et ah, 2003,) because 
outbreaks were documented of FMD-free areas following the introduction of healthy 
convalescent cattle. However, despite numerous experimental attempts transmission 
of FMDV from a carrier bovine to a susceptible in-contact animal has not been 
shown (Alexandersen e /<2/,, 2003a).
Ruminants that recover from infection and disease (and vaccinated ruminants that 
have had contact with live virus) may retain infectious virus in the pharyngeal region 
for a variable period of time (Barnett & Cox, 1999). Animals in which FMDV 
persists in the oesophageal-pharyngeal region for more than 28 days are referred to 
as carriers (Salt, 1993, Zhang & Kitching, 2001, Alexandersen et ah, 2002c, 2003a, 
Zhang & Alexandersen, 2003). The duration of the carrier state varies between 
individuals of the same species as well as between different species. In cattle, FMDV 
has been detected up to 3.5 years after infection (Hargreaves, 1994, Alexandersen et 
ah, 2002c). In sheep and goats it can last up to 9 months (Burrows, 1968, Salt, 1993, 
Zhang & Kitching, 2001, Alexandersen et ah, 2002c, Kitching, 2002a) and in the 
African buffalo at least 5 years (Condy et al, 1985, Salt, 1993, Donn et ah, 1995, 
Alexandersen et ah, 2002c, Kitching, 2002a).
A screening method to detect persistently infected cattle was first developed in the 
Netherlands in 1959 (reviewed Sutmoller et ah, 2003). This involved testing for 
virus in samples collected from the throat and has been applied as a routine 
procedure in almost all other countries with FMD outbreaks. Fluid and cellular
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debris from the pharynx and upper oesophagus (OP fluid) are collected using a small 
beaker attached to a wire handle (probang cup) originally used by van Bekkum et al, 
(1959)
The factors that govern the induction of a persistent infection in some individuals 
and not in others, or between species are not known. Severity of infection seems not 
to be relevant as the carrier state may develop either following overt clinical disease 
or sub-clinical infection. Several hypotheses have been put forward for possible 
mechanisms involved. One is that the virus evades the host immune response by 
infecting cells of the immune system itself or invading immunologically privileged 
sites where it cannot be eliminated. Another suggestion is that the virus may mutate 
allowing it to persist for example by reducing its lytic effect with a subsequent 
mutation restoring the lytic capability of the virus (Alexandersen et a l, 2003a). In 
addition to the pharynx, other sites of viral persistence include the mammary gland, 
testicles, pituitary, pancreas and thyroid (Cottral et ah, 1968, Sellers et ah, 1968b, 
1969, Burrows et ah, 1971, de Leeuw et al., 1978, Alexandersen et al., 2002c).
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1.6 Epithelia structure and function
In order to understand the progression of infection within an animal it is necessary 
first to understand the tissues involved. Epithelia in particular are designed to 
withstand constant abrasion and have a complex structure. Stratified epithelia consist 
of two or more layers of cells and only the basal layer rests on the basement 
membrane. Stratified squamous epithelium may be keratinized or non-keratinized 
(Fig 1.5). The epithelium is made up of many different epithelial cells types. At the 
bottom of the epithelium are the basal cells forming a mitotically active layer: and 
the new cells are continually formed and pushed towards the surface, moving away 
fi*om the nourishing capillary bed beneath the epithelium. As a cell divides 
producing two daughter cells, one daughter cell migrates away fi-om the basal layer 
and initiates differentiation while the other daughter cell continues to divide in the 
basal layer and provides a reservoir for more cell divisions. Basal cells differentiate 
into spinosum cells, which are involved in synthesis of keratin. Spinosum cells then 
further differentiate into granulosum (granular) cells with accumulation of 
keratohyalin granules. These cells finally differentiate into the comeum (comified) 
cells. These cells are dead or dying by the time they reach the surface. There they 
lose their nuclei and become detached and only on the surface layers are the cells 
squamous. In some sites, such as the epidermis and the tongue, the cells become 
keratinized and form a protective waterproof layer on the surface.
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Figure 1.5 Diagram illustrates the different cells o f the epithelium. The stratum basale cells are 
involved in DNA synthesis and cell division. Some o f the daughter cells o f the stratum basale cells 
leave cell cycle and differentiate into the spinosum, granulosum and comeum cells. (Taken from 
Glasgow University Virology booklet, Dr. S. Graham).
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L 6.1 Skin epithelium
Skin epithelium (Fig 1.6), is classified as either thick or thin. Thick skin occurs in 
areas of friction and localised regions such as the footpad, and thin skin occurs over 
rest of the body. The basal or germinal layer (stratum basale, stratum germinative) 
consists of a mitotically active layer of columnar or cuboidal kératinocytes on a 
basement membrane adjacent to the dermis. In the spinosum layer (stratum 
spinosum) the kératinocytes are cuboidal, polygonal or flattened. These cells have 
delicate radiating processes termed tonofilaments that connect with similar cells. The 
granular layer (stratum granulosum) is formed by cells migrating towards the surface 
and accumulating basophilic granules of keratohyalin in the cytoplasm. These 
granules are a keratin precursor. In the clear layer (stratum lucidum), cells approach 
the surface and the nuclei die the cell loses its clear-cut outline and becomes 
homogeneous and translucent. The comified layer (stratum comeum) or the outer 
layer is keratinized, and consists of cells that are anucleate. The number of cell layers 
varies considerably fi-om 2 -  4 in thin skin to 12 -  20 in thick skin.
J  V orneum
: Granulosum
Spinoélmi
□ basai
X4
Figure 1.6 Diagram illustrates the epithelium o f the foot from pig with the different cell 
layers. Hematoxylin and Eoin stained paraffin section, picture taken using the Leica LMD- 
AS microscope.
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1.6.2 Tongue epithelium
The tongue is a freely movable muscular organ covered by a mucous membrane, 
parts of which are modified to conform to its function as an organ of mastication and 
taste. The mucosa is composed of thick stratified squamous epithelium (Fig 1.7) 
which is similar to that found on the foot skin.
Corneum
Granulosurhv 
^inosum c
A
Figure 1.7 Diagram illustrates the epithelium o f the tongue from pig with the different cell layers. 
Hematoxylin and Eoin stained paraffin section, picture taken using the Leica LMD-AS microscope.
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1.6.3. Soft palate epithelium
The soft palate is the posterior part of the roof of the mouth. During swallowing, the 
soft palate separates the nasopharynx from the oropharynx by means of the 
epiglottis. The oral surface of the soft palate is covered with the stratified squamous 
epithelium (Fig 1.8A). At some distance from the posterior edge, the stratified 
squamous epithelium is replaced by a non-comified, pseudostratified-squamous 
epithelium (Fig 1.8B).
A Dorsal region
ÿ Pseudostratifed
: Epithelia
T  j:
' 2
' „ :v /-
■ ■
'  . • • V -
X4
B
* 'V\.-
Ventral region
Normal Stratified 
Epithelia X4
Figure 1.8 Diagram illustrates the different epithelium on the dorsal and ventral sides o f  the soft 
palate fi-om pig. A; pesudostratifed epithelia on dorsal surface, B: normal stratified on ventral surface. 
Hematoxylin and Eoin stained paraffin section, picture taken using the Leica LMD-AS microscope.
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1.7 Pathology
Early lesions can only be detected by microscopical examination (Gailiunas 1968; 
Yilma 1980), and FMDV has been detected in significant amounts from normal 
looking skin which have no macroscopic or histopathological changes (Brown et ah, 
1992, 1995, Alexandersen et a l, 2001). Histopathological changes can be first 
detected in the comified, stratified squamous epithelium and are characterized by 
ballooning degeneration and increased eosinophilic stained cells in the stratum 
spinosum and the onset of intercellular oedema within the dermis (Alexandersen et 
al, 2003a). This is followed by necrosis and subsequent mononuclear cell and 
granulocyte infiltration and lesions become macroscopically visible and develop into 
vesicles by separation of the epithelium fi-om the underlying tissue as the resulting 
cavities fill with vesicular fluid. In some cases, large amounts of fluid are produced 
and the vesicles can become extensive. In other cases the amount of fluid is limited 
and the epithelium undergoes necrosis or is tom off by physical trauma and 
conspicuous vesicles do not form. This variability in vesicle formation may be due to 
a combination of the degree of virulence of the specific strain of FMDV, the 
composition of the epithelium aflected and the husbandry of host animals.
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1.8 Laser Micro Dissection
Laser microdissection (LMD) is a rapid method to procure specifically enriched 
populations of targeted cells fi*om microscopic regions of tissue sections for 
subsequent analysis. LMD was conceived and developed as a research tool at the 
National Institutes of Health (NIK) (Emmert-Buck et a l, 1996). In combination with 
sensitive analytical procedures such as PCR, microdissection of histological sections 
or cytological preparations has recently gained importance as a tool to obtain 
purified cell populations fi*om complex primary tissues. The precision of lasers has 
been exploited for micro-dissection (Emmert-Buck et a l, 1996, Becker et a l, 1997, 
Bonner et a l, 1997, Fink et a l, 1998). One of the techniques is laser microbeam 
microdissection (LMM) that uses a pulsed UV laser with a small beam focus to cut 
out areas or cells of interest by photoablation of adjacent tissue. The second 
technique is laser capture microdissection (LCM), which was developed at the 
National Cancer Institute of the National Institutes of Health, Bethesda (Emmert- 
Buck et a l, 1996, Becker et a l, 1997, Bonner et a l, 1997). Here the operator views 
the tissue and selects microscopic clusters of cells for analysis then activates the 
laser within the microscope optics. The pulsed laser beam is absorbed within the 
precise spot on the transfer film immediately above the target cells. At this precise 
location, the film melts and fuses with the underlying cells of choice. When the film 
is removed, the chosen cells remain bound to the film, while the rest of the tissue is 
left behind.
The laser microdissection method in this study uses the UV pulse laser to dissect 
cells that fall by gravity into the cap of a collection tube. The cap can then be 
visually inspected to confirm the isolation of the tissue samples.
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1.8.1 Applications o f laser microdissection
Although the first description of the use of laser light for micro-dissection of tissue 
were published in 1976 (Isenberg et al, 1976, Meier-Ruge et al, 1976), it was not 
until efficient analytical methods were introduced for small amounts of biological 
material that this technique has found widespread use.
Microdissection is an established method to obtain the analysis of genetic alterations 
at the DNA and RNA level fi*om both fi’esh and fi*ozen tissues and cell preparations. 
The analysis of tissue or cell-specific expression is important in many fields of 
biological research. The identification of gene expression patterns related to 
pathogenesis of disease, infection by microbes and viruses and neoplastic 
transformation may produce important advances not only for diagnostic and 
prognostic purposes, but also in the development of preventative medicine and 
vaccines. Microdissecion is starting to be used widely in clinical and veterinary 
virology. Huber et al (2004) investigated the gene expression associated with 
squamous carcinomas in white rabbits infected with cottontail rabbit papillomavirus 
(CRPV) in New Zealand. The method of subtractive cDNA hybridisation 
(Diatchenko et al, 1996) was carried out initially to screen for tumour-specific 
genes. Messenger RNA transcripts which were found to be specific were quantified 
by real-time RT-PCR, and their expression in tumour cells was confirmed by RNA 
in situ hybridisation and laser capture microdissection followed by quantitative RT- 
PCR analysis. The study showed that the malignant progression of CRPV-induced 
tumours is accompanied by an up-regulation of genes that are directly involved in 
cell motility and tissue invasion.
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The severity of liver damage in patients with chronic hepatitis B is dependent on 
several factors such as sub-cellular localisation of hepatitis B core antigen (HBcAg) 
and mutation of Hepatitis B virus (HBV) DNA. Hepatocytes from liver biopsies 
showing expression of HBcAg only in the cytoplasm, only in the nucleus, and in 
both cytoplasm and nucleus of different hepatocytes were isolated using LMD and 
were examined for nucleotide sequences of HBV DNA of the core promoter site 
(Kawai et al, 2003). The results showed that cytoplasmic distribution of HBcAg was 
associated with HBV DNA mutations at nt 1762 and 1764.
For hepatitis C virus (HCV), a study was carried out to develop an accurate protocol 
for intra-HCV RNA quantification (Vona et al, 2004). This method was adopted to 
investigate whether serum and intraheptic viral loads and HCV antigen expression 
correlated with the severity of disease.
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1.9 Objectives
1.9.1 Development o f Laser MicroDissection (LMD) to detect FMDVRNA in
Epithelial tissues
The main aim of this project was to describe the molecular pathogenesis of FMDV 
and the induction of disease in the acute stage of infection. Quantitative analysis of 
FMDV RNA within tissues has been described (Alexandersen et al., 2001, 
Alexandersen et al, 2003, Quan et a l, 2004, Zhang and Alexandersen, 2004), 
however these studies have been somewhat limited as the work illustrates the levels 
of FMDV RNA within tissues and not within the epithelia. The combined techniques 
of LMD and real-time quantitative RT-PCR provide a powerful tool with which to 
quantify viral RNA within epithelia or cell layers with hitherto impossible precision. 
It is hoped that the LMD system can be used to isolate different cell layers from the 
epithelia of tissues and FMDV RNA quantified using RT-PCR.
• The first objective was to develop the laser microdissection technique to be 
coupled with RT-PCR to detect and quantify FMDV wdthin the epithelia of 
tissues.
• Such a study has not been implemented before, and 'will allow FMDV 
infection to be studied within a microscopical scale within tissues.
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1.9.2. Distribution o f FMDV RNA within Porcine and Bovine epithelia
After the development of the LMD-PCR system to detect FMDV RNA, the study
will attempt to describe the sequence of focal viral spread within the epithelia of
foot-skin, tongue and soft palate of pigs and cattle during the course of acute
infection.
• Levels of FMDV RNA will be detected and quantified within microdissected 
samples of the epithelia from different tissues.
• Within each epithelium, viral RNA will be quantified within the stratum 
comeum and granulosum, stratum spinosum and stratum basale from the 
foot-skin, tongue and soft palate.
The hypothesis that histopathology (lesion formation) is related to virus load within 
the tissues will also be investigated.
• Levels of FMDV RNA will be determined in tissues (foot-skin and tongue) 
where lesions do form and in the soft palate where they do not.
• Additionally, the observations of distribution and localization of FMDV 
infection within the different tissues will provide an important insight into the 
kinetics of FMDV replication and will determine whether infection spreads 
from the base of the epithelium and progresses to the surface or vice versa.
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General Materials and Methods
36
General Materials and Methods Chapter 2
2.1 Animal Experiments
2.1.1 Animallsolation Unit
Animal experimentation was performed under project licence PPL70/4997, the 
Animals (Scientific Procedures) Act, 1986 (Home Office, UK) within the Institute 
for Animal Health (lAH) in biosecure animal isolation units 7B and 8.
Animals were housed in a category 4 biocontainment animal unit (Specified Animal 
Pathogens Order, DEFRA 1998) consisting of five boxes in a row connected by a 
“clean” corridor on one side and a “dirty” corridor on the other. The entrance to any 
box was fi*om the “clean” corridor through double doors with a shower unit between 
the doors. Before leaving the box to go back to the clean corridor, personnel 
disinfected outerwear with FAM® (Evans Vanodine International, UK), that was 
rinsed away by showering. There was no cross-contamination between the boxes as 
the ventilation for each box was self-contained by high efficiency particulate air 
(HEPA) filtration.
2.1.2 Laboratory
All laboratory work was carried out at lAH in a category 4 biocontainment 
laboratory approved to handle live foot-and-mouth disease.
All procedures in the laboratory involving live virus were carried out in a laminar 
flow hood (Microflow Class II), while wearing polyvinyl chloride (PVC) proofed 
nylon protective clothing. The hood, its contents and protective gear were disinfected 
by sponging with a 1% FAM® solution after each procedure. All waste was 
incinerated.
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2.1.3 Animals
The animals used in the experiments were Landrace x White pigs weighing between 
2 0 -3 0  kg, and the cattle were of the Holstein Friesian breed around 8 months old. 
All the animal samples used in these studies were derived from animal experiments 
carried out for other purposes by one or more other members of the experimental 
epidemiology/ FMD pathogenesis group. These experiments always involved pigs 
and cattle that were inoculated with virus suspensions and were housed with 
susceptible animals. The samples used in the work described here were derived from 
inoculated animals: Table 2.1 lists the details of animal experiments used in this 
thesis. Further details of the experiments can be found in the relevant references.
Experiment animals virus type DPI Chapter reference
1- DEFRAexp2- 
Oct-2002
2 pigs O U K G
34/2001
2 3 Quan et al, 2004 
Thesis
2 - Min 20 5 pigs O U K G
34/2001
0 - 4  days 3 , 4 & 6 Murphy et al., 2005 
Thesis
3 - Min 21 4 pigs O U K G
34/2001
1 - 4  days 4 & 6 Murphy et al., 2005 
Thesis
4- SE2920 7 pigs (incl. 2 
analysed at 
28dpi)
O U K G
34/2001
0 - 4 & 2 8  days 4 & 6 Zhang et al., 
unpublished
5- ZZ Exp 6 5 cattle O U K G
34/2001
0 - 4  days 5 & 6 Zhang et al., 
unpublished
6- ZZ Exp 7 4 cattle OSKR
2000/1
28 days 5 Zhang et al., 
unpublished
7-Z Z E xp8 4 cattle O U K G
2000/1
28 days 5 Zhang et al., 
unpublished
Table 2.1 List of animal experiments. Animals: Number o f animals used for sampling in this thesis 
(inoculated animals only), Virus type: Virus serotype, DPI: Days after infection fi’om which samples 
for this thesis were taken. Chapter: Chapter in this thesis where experimental data are presented. 
Reference: Source o f  animal experiment details.
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2.1.4 Preparation o f inoculum
FMDV O UKG 34/2001 was isolated from a pig at Cheale Meats Abattoir, 
Brentwood, Essex on 20* February 2001. The original pig epithelial tissue 
suspension had been passaged once in experimental pigs (Alexandersen et al., 
2002a). The clarified homogenate from foot epithelial tissues from these animals 
constituted the stock inoculum at Pirbright Laboratory. New tissue suspension 
prepared that had a titre of 10^  ^  TCID 50/ml, when grown in BTY cell culture was 
designated I XB and used as inoculum for all but one of the above-described 
experiments. The O SKR 2000/1 inoculum of South Korean origin, (10^^ TCID 
50/mI), was provided by the International Vaccine Bank at Pirbright Laboratory.
2.1.5 Inoculation with Foot and Mouth Disease Virus
Animals were infected by direct inoculation with FMDV administered by 
hyperdermic needle or became infected by direct contact with inoculated animals in 
the same box. Only samples collected from inoculated animals, for which the time of 
infection was clearly known, were used in this study. Pigs were inoculated by 
intradermal injection into the heel pads of the left forefoot as described previously 
(Alexandersen et al., 2002). Cattle were inoculated subepidermolingually 
(Henderson, 1949; 1952).
2.1.6 Clinical Examination
After inoculation, animals were monitored for clinical signs of disease, in particular 
the presence of vesicular lesions, and their temperatures were recorded daily until the 
end of the experiment. The progression of disease was recorded in both the 
inoculated and direct contact animals. Pigs were killed by injection of an overdose of
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pentobarbitone (Merial Animal Health, France) followed by exsanguination whereas 
cattle were stunned by a captive bolt gun, pithed and exsanguinated. If animals 
became very sick and clinical disease was judged to be severe, the animals were 
killed on welfare grounds within a day of those observations. The remaining animals 
not showing severe FMD were either killed at intervals during the first four days 
after infection or maintained until 28 days after infection to evaluate virus 
persistence. All animals were killed no later than 35 days after virus inoculation or 
exposure.
2. L 7 Sample collection
The samples used in this thesis for LMD were derived from experimental animals 
used for other projects that involved their sacrifice at various times after infection. In 
each case further work within those studies determined the total viral load in serum 
and tissues by RT-PCR. Animal experimentation was performed under project 
licence PPL70/6212, examining infectious processes of exotic diseases, by personal 
licence holders under the Animals (Scientific Procedures) Act, 1986 (Home Office, 
UK). Use of tissues in this way provides economy in the use of animals and is 
entirely consistent with the general desire in both government and society to 
minimise the number of animals used whilst maximising the scientific benefit 
resulting fi-om their use.
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During the animal experiments many different samples were collected from the 
animals just before inoculation and then daily until the end of the experiment for the 
fulfilment of various projects within the group. Animals were killed as indicated 
above and samples were collected at post-mortem for subsequent analyses.
1) Blood (heparinised and clotted) samples were taken to examine the onset of 
viraemia.
2) Mouth swabs and nasal swabs were taken to measure the extent of virus 
excretion by recovery of FMDV RNA.
3) Oesophageal-pharyngeal fluid (OP fluid or probang) samples (cattle only) 
were collected to investigate the levels of viral load and to detect carrier 
animals.
4) Various tissues were collected to examine viral loads and investigate host 
responses.
Tissues were immediately fixed in 10% formal-FIXX (Shandon, UK) for up to 24 
hours, and/or ethanol acetic acid (70% ethanol with 3M acetic acid), and/or similar 
pieces samples placed directly in RNAlater (Ambion, UK). Tissue samples were 
collected by direct dissection or by removing the organ or a portion of the organ 
using blunt dissection or the scalpel blade. Usually, the tissue samples collected were 
cervical lymph node (CLN), mandibular lymph node (MLN), retropharyngeal lymph 
node (RPLN), soft palate, tonsil, tongue, foot epithelium, nasal and oral pharynx. 
Figure 2.1a and 2.1b are schematic diagrams of the various samples collected from the 
animals and the tests performed on them.
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Figure 2.1a
Pig Experiments
V V
Blood Tissues
RNA
&PCR
V
RNA
&PCR
viraemia V
Liver Spleen Tonsil 
Lymph Nodes Phen/nx 
Tongue Foot Soft Palate
RNA / ?  
& P C f ^
Viral load & host 
responses in tissues LMD
RNA 
& PCR
V
Viral load in 
epithelial cells
42
General Materials and Methods Chapter 2
Figure 2.1b Cattle Experiments
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Figure 2.1 Samples taken from animal experiments, a: Pig experiments; blood and tissues samples were 
taken, b: Cattle experiments: blood, tissues and probang samples were taken. RNA: RNA extraction, LMD; 
Laser Micro-Dissection. Foot (coronary band), tongue and soft palate tissue samples were taken for the 
purpose o f this study (highlighted in red).
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Figure 2.2 Sites of tissue isolation. Areas within the foot and tongue highlighted (red) illustrate 
specific sites where tissue samples were isolated from the edge o f lesion. A: Coronary band (picture 
taken fi'om www.ruralheritage.com), B: Tongue (FMD lesion, in-house experiment).
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In Figs 2.1a and 2.1b, tissues from the coronary band of the foot, near tip of the 
tongue and the tip of the soft palate are emphasised. They were specifically collected 
for the work done in this study. The samples were taken from the edge of lesions, to 
include both diseased and apparently healthy tissues where possible (Fig 2.2). 
However, for tissues that did not have lesions, the location of the isolated sample 
was kept consistent. For example, tissue samples were always taken from near the tip 
of the tongue from pigs infected after one-day post infection and, tissue from the tip 
of the soft palate was taken from every animal after each time point after infection. 
Samples were placed in bijoux bottles containing 30% buffered sucrose, and 
incubated at 4°C for 3 — 5 hours. Once samples had infiltrated (indicated by them 
having fallen to the bottom of the bottles), optimum cutting temperature (OCT) 
cryomatrix™ (ThermoShandon, UK) was added around the tissue as a 
cryoprotectant and stored in a cryomould at -70°C until sectioning. Both lesion and 
non-lesion cell-samples were recovered from the same section and analysed for 
FMDV. However, in some cases, the sections retrieved from the tissue blocks only 
contained lesioned areas. Therefore, in some instances, only lesion samples were 
tested, as no neighbouring non-lesion areas were present in the same sections. Figure
2.3 illustrates examples of the cryosections derived from the tissues isolated from 
FMD infected animals. Histopathological changes within the epithelium can be 
characterized by ballooning degeneration and increased eosinophilic stained cells in 
the stratum spinosum and the onset of intercellular oedema within the dermis 
(Alexandersen et a l, 2003a). Following this, there is necrosis and subsequent 
mononuclear cell and granulocyte infiltration leading to the lesions becoming 
macrocopically visible and develop into vesicles by separation of the epithelium 
from the underlying tissue as the resulting cavities fill with vesicular fluid.
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Figure 2.3 Diagram illustrates the type o f lesion and neighboring non-lesion areas from pig foot-skin (FS) & tongue (T) 
that were dissected by the LMD microscope (Hemaoxylin & Eosin stained paraffin sections). Lesion: highlighted in red, 
Non-lesion: highlighted in blue. A: Lesion area at 2 dpi (FS), B: Lesion & Non-lesion area at 2 dpi (FS), C: Lesion & 
Non-lesion area at 2 dpi (T), D: Lesion & Non-lesion area at 2 dpi (T).
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Below is a table with details of tissues from where they were taken, the experiment, 
and how many times each tissue sample was analysed. Each sample tested was 
derived from a different serial section where the LMD was carried out; RNA 
extracted and tested using RT-PCR. In most cases in each experiment, the same 
tissue block was sectioned many times enabling technical replicates to be analysed.
Experiment days post 
infection
Tissues 
(one animal/time point)
Samples tested
1- DEFRAexp2- 
Oct-2002
2 pigs F/T Once/ extraction 
method
2 - Min 20 0 - 4  days F/T/SP Twice
3 - Min 21 1 - 4  days F/T/SP three times
4- SE2920 0 —4 & 2 S  days F/T/SP three times
5- ZZ Exp 6 0 - 4  days F/T/SP three times
6- ZZ Exp 7 28 days SP three times
7- ZZ Exp 8 28 days SP three times
Table 2.2 Animal experiments and tissues taken. Experiment: Name o f  experiment. Days post 
infection: Days after infection at which samples for this thesis were taken. Tissues: tissues taken fi’om 
one animal at each time point, F; foot (coronary band), T: tongue, SP: soft palate. Samples: number o f  
times each tissue (including each epithelial cell type) was tested.
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2.2 Detection ofFMDV and house-keeping genes by PCR assay
2.2.1 Reverse Transcription
Reverse transcription was carried out using Taqman® reagents (Applied Biosystems, 
UK). Table 2.3.
RT Reaction reagents Volume ner reaction (ul)
lOx TaqMan RT buffer 1.50
MgCI2 (25mM) 3.30
DNTP solution 2.5mM each, with dTTP) 3.00
Random hexamers (50pM) 0.75
RNase inhibitor (20U/pl) 0.30
Multiscribe reverse transcriptase (lOOU/pl) 0.25
RNA sample 6.00
Table 2.3 Reverse Transcription o f RNA. List o f  reagents with volumes used per reaction.
Negative controls were achieved using uninfected tissues and RNA lysis buffer, and 
positive controls synthesised from plasmid clones (see section 2.2.3) representing 
known copies of FMDV were included in every run carried out. Microdissected 
muscle cells were also tested to observe background levels of FMDV. A volume of 6 
pi of RNA was added to each RT reaction giving a final volume of 15 pi. The plate 
was centrifuged at 1000 g for 1 min (Sorvall RC3C Plus). RT reactions were carried 
out in Thermo-Fast® 96, non-skirted PCR plates (ABgene, UK) in a thermal cycler 
(Touchgene Gradient, Techne, UK) at 48°C for 45 min and then 95° for 5 min. The 
cDNA was stored at - 20°C or used immediately.
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2.2.2 Quantification o f viral RNA and host genome RNA by real-time 
Quantitative RT-PCR 
Redundant primers, SA-IR-219-246F (5’ -  CAC YTY AAG RTG ACA YTG RTA 
CTG GTA C -  33 and SA-IR-315-293R (CAG ATY CCR AGT GWC ICI TGT TA 
-  3 3 , able to detect all seven serotypes of FMD virus, and TaqMan® probes, 
SAmulti2-P-IR-292-269P (5’ -  CCT CGG GGT ACC TGA AGG GCA TCC -  33, 
specific in sequence to the internal ribosomal entry site (1RES) were designed on 
Primer Express™ Software (Applied Biosystems) (S. Alexandersen personal 
communication and Reid et ah, 2002). This assay was further optimised using the 
following primers and probe to give better detection for the O UKG FMDV strain. 
Samples were amplified using primers SA-UK-IRES-248F (5’-AAC CAC TGG 
TGA CAG GCT AAG G-33/SA-UK-IRES-308R (5’-CCG AGT GTC GCG TGT 
TAG CT- 3 3  and a UK-IRES-271T (6-FAM-TGC CCT TTA GGT ACC C-MGB) 
TaqMan® Minor Groove Binding probe (Applied Biosystems). This primer/probe set 
had been designed for optimum detection of the FMDV O UKG 2001 virus. The 
optimised assay was used in experiments described in Chapters four and five.
Amplication were carried out in MicroAmp® optical 96-well reaction plate with 
optical caps (Applied Biosystems). PCR reactions were carried out on the 
GeneAmp® 5700 Sequence Detection System (SDS) (Applied Biosystems). Samples 
were heated to 50°C for two min, for optimal AmpErase® uracil-N-glycosylase 
(UNG) enzyme activity, before increasing the temperature to 95°C for 10 min to 
activate the AmpliTaq Gold DNA polymerase. Fifty cycles of 15 sec at 95°C and 60 
sec at 60°C were used for amplification. The PCR Master Mix contains a passive
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reference dye (ROX™) that does not participate in the 5’ nuclease assay. This 
provides an internal reference to which the reporter-dye signal can be normalised 
during data analysis. Fluorescence normalisation was achieved by dividing the 
emission intensity of the probe flourophore by the emission intensity of the passive 
reference to give a ratio, Rn (normalized reporter) for a given reaction well. A ARn = 
Rn  ^- Rn’ value was calculated, where Rn  ^is the Rn value of a reaction containing all 
components, including the template and Rn" is the Rn value of an no template sample. 
The Rn" value was obtained from the early cycles of a real-time run, before an 
increase in fluorescence was detected. This baseline was set at a default cycle 6 
(start) to cycle 15 (stop). A cycle setting lower than 6 was not chosen, to allow the 
instrument time to stabilise. A manual threshold value of ARn= 0.1 was selected, as 
this value intersects the linear phase of a log scale ARn/cycle number amplification 
plot. The threshold cycle (Ct) represents the PCR cycle at which an increase in 
reporter fluorescence above the baseline signal can first be detected. A threshold 
cycle (Ct) was calculated for each sample, and is defined as the cycle number where 
the ARn value crosses the threshold value (0.1).
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A reporter dye, 6-carboxyfluoroscein (6-FAM™), was covalently linked to the 5’ 
end of the probe, while a non-fluorescent quencher dye, carboxytetramethylrhod- 
amine (TAMRA), was covalently linked to the 3’ end. TaqMan® Universal PCR 
Master Mix (Applied Biosystems) was used in the following concentrations per PCR 
reaction:
Taqman Reagents Volume per reaction fpl)
Forward primer (lOpmol/ul) 2.25
Reverse primer (lOpmol/ul) 2.25
Probe (5pmol/ul) 1.25
2x TaqMan Master Mix 12.5
cDNA (sample) 7.00
Table 2.4 Real Time PCR for detection o f FMDV. List o f  reagents with volumes used per reaction.
Further, an assay for 18S ribosomal RNA (rRNA) was used to detect host genomic 
RNA as a control for the RNA extraction steps from the LMD sample and he RT 
stage. The conditions for the detection of thel8S rRNA assay were carried out as 
described in the manufacturer’s instructions for the TaqMan® Ribosomal RNA 
Control Reagents Kit (Applied Biosystems, UK).
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2.2.3 PCR data Analysis
Standard FMDV RNA, incorporating the partial FMDV genome [from the 5' 
untranslated region (UTR) to 1C] of FMDV, which synthesised in vitro from 
plasmid pT73S containing full-length FMDV type O and provided by Dr. A.M.Q. 
King, (Institute for Animal Health, UK) for use in the laboratory.
RT-PCR of the standard dilution series was performed in the same plate as the test 
samples. A standard curve of Ct against log copy number was generated by the 
GeneAmp® 5700 SDS software and used to calculate genome copy numbers per 
reaction. For number of genomes per 1000 cells, the formula [(genome copies)/ (% 
of cells in reaction)] was used.
Below are flow chart diagrams of chapters three, four, five and six. These flow 
charts serve the purpose of illustrating the basic contents of each chapter.
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Chapter 3
Development of techniques for quantitative 
analvsis of Foot-and-Mouth disease virus in 
Laser Microdissected tissue sections
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Different RNA 
markers tested
Different 
staining 
methods tested
Chapter 3
Development of LMD working protocol
Different RNA extraction 
methods tested
Figure 3.1 Flowchart Chapter 3 overview. Diagram illustrates the basic 
contents of Chapter 3.
Selection of techniques for use of LMD
54
Development o f techniques for Laser Micro-Dissection________________ Chapter 3
3.1 Summary
• Different fixatives were tested to illustrate which least affect the recovery of 
RNA from tissues.
• Different staining techniques were assessed and optimised to limit 
interference with cell morphology and RNA recovery.
• Various RNA isolation techniques were tested to provide optimal high 
quality RNA suitable for quantitative real-time RT-PCR.
• Different cell layers (comeum, granulosum, spinosum and basal) within the 
epithelia of tongue and foot were sampled using Laser Micro-dissection 
(LMD). RNA was recovered fi*om each cell layer, and reverse transcription 
followed by real-time PCR was used to quantify foot-and-mouth disease 
vims (FMDV).
• Different RNA extraction markers were tested to ensure consistent detection 
of total RNA extracted from LMD samples.
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3.2 Introduction
Laser microdissection (LMD) is now well established as a tool for isolating cells of 
interest from homogeneous cell-populations, overcoming the problem of tissue 
heterogeneity. The technique allows cells to be visually inspected and then selected 
and separated without contamination from the background mix of cells. DNA, RNA 
and protein obtained from LMD harvested cells have been shown to be suitable for a 
variety of downstream analyses including microarray RNA expression profiling, 
proteomic profiling, and genomic mutational analysis (Fend and Raffeld, 2000, Kerk 
et al., 2003, Kiechle et al., 2004).
The key technical objective of this study was to develop a system using LMD to 
isolate specific cell layers from selected squamous epithelia within which foot-and- 
mouth disease virus (FMDV) could be detected and quantified. This would allow 
FMDV RNA to be analysed from the different epithelial cell layers, allowing the 
distribution and spread of infection, within in particular sites, to be studied. The 
LMD technique has already been applied to other viruses such as hepatitis B virus, 
hepatitis C virus and rabies virus (Vona et al., 2004, Kawai et al., 2003, lavarone et 
al., 2003, Prosniak et al., 2003). Tissue preparation for any localisation study 
requires a trade-off between the preservation of histological detail enabling access to 
the probed features in a state sufficiently native for detection. For our study, the aim 
was to fix the tissues to preserve sufficient morphology to identify the specific cell 
layers for harvest, yet allow the maximum subsequent recovery of RNA from 
harvested cells. Relatively homogeneous samples are needed to assess the levels of 
FMDV genomes within specific cell populations.
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Initial replication of FMDV occurs at the site of primary infection then virus spreads 
to the lymph nodes (Alexandersen et ah, 2003a) and into the circulation, distributing 
virus through the body to potential sites of secondary viral replication. These sites 
include the stratified squamous epithelium of many tissues including tongue and skin 
(Brown et ah, 1992,1995, Murphy et ah, 1999, Alexandersen et ah, 2003b) the sites 
chosen as targets for LMD optimisation and FMDV genomes isolation.
Animal experiments were ongoing within the group and samples were taken fi*om 
these experiments to evaluate various procedures up- and downstream of LMD and 
to produce preliminary data regarding the distribution of FMDV in the epithelia. It is 
important that different protocols be used to test which method would be most 
suitable to yield highest level of RNA recovery. Such studies would increase the 
sensitivity of the combined LMD-PCR system to isolate and detect RNA fi*om 
microdissected samples. Upstream steps involve the preservation of tissue and 
section staining. Morphology of sections is optimal when using fixed tissues 
compared to fi*ozen sections. However, more RNA can be recovered fi*om fi-ozen 
sections than those that are fixed. Therefore, methods were compared to see which 
yields most viral RNA whilst maintaining good morphology. Different histological 
stains were also tested, to examine which interferes least with RNA isolation. 
Different RNA extraction kits were also tested to investigate which were optimal for 
the LMD isolated samples. Additionally, different housekeeping RNA markers were 
used to detect total RNA and the efficiency of RNA recovery. GAPDH or 18S 
Ribosomal RNA (rRNA) were used as qualitative markers to determine which would 
be suitable in detecting RNA fi’om FMDV infected microdissected samples.
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3.3 Materials and Methods
3.3.1 Animal Experiments.
For the purpose of this part of the study samples were derived from three pigs, one 
from experiment 1 (killed at 2 dpi with lesions on the tongue and feet) and two from 
experiment 2 (one uninfected control and the other killed at 2 dpi with lesions on the 
tongue and feet). Foot and tongue tissues were taken from all three animals, 
sampling from edge of lesion sites in the case of infected pigs. Single tissue sections 
were examined from each sample unless otherwise stated. Details of these 
experiments are described in chapter 2.
3.3.2 Preparation o f fixed tissues
Tissues were taken from control and infected pigs and fixed in 10% formalin or 
ethanol acetic acid fixative (70% ethanol with 2M acetic acid). Tissues included 
tongue, tonsil, skin, spleen, soft palate, and pharynx. Approximately 8-12mg of 
tissue was taken and transferred to a 1.5 ml micro tube. These were washed twice 
with PBS for 10 min. Four hundred microlitre (400 pi) of lysis buffer (MagNA Pure 
LC, RNA Isolation Kit II, Roche, UK) was added and tissues were homogenized 
using sterile pestles (Radleys, UK) and sterile sand (BDH, UK). After 
homogenization, samples were centrifuged for 6 mins at I lk  rpm. The supernatant 
was transferred to a sample cartridge for automated RNA extraction in the Roche 
MagNA Pure instrument (see below).
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3.3.3. Sectioning o f tissues
Frozen tissues (fixed and infiltrated as described in Chapter 2), stored at -70°C were 
sectioned onto the membrane slides using the 2800 Frigocut-N cryostat, (Leica, UK). 
Tissue blocks were placed onto a specimen stage and the optimal cutting temperature 
(O.C.T.) cryo-matrix was left to fi*eeze, holding the tissue on the stage at -20°C in 
the cryostat. The specimen stage was attached to the microtome and sectioning was 
carried out. Approximately 5-8 pm thick serial sections were cut from each of the 
tissues. Sections were transferred onto slides by placing the slide over the cut 
section, allowing the section to stick onto the membrane slides (Leica, UK). These 
slides were incubated for 30 min in a UV chamber, cross-linking the membrane to 
reduce electrostatic charges on the foil and reduce RNase activity. These slides were 
then stained with hematoxylin and eosin, or with toluidine blue immediately.
Approximately 8-12mg of tissue was taken from paraffin blocks and transferred to a 
1.5 ml micro tube to test whether RNA could be extracted fi*om these samples. 
Tissues were washed twice with 800pl of xylene and then three times with 800pl of 
ethanol. Thereafter, 1ml of ethanol was added to samples and mixed. Samples were 
centrifuged for 2 min at 14K rpm. The supernatant was removed and pellet dried for 
10 min at 55°C.
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3.3.4 Staining o f sections using Hematoxylin & Eosin and 
Toluidine Blue
3.3.4.1 Hematoxylin and eosin staining
Sections were fixed for 30s using 70% ethanol before staining with hematoxylin 30s 
and eosin 30s. The slides were then dehydrated through a 75% - 100% ethanol series 
and then cleared with a 2 min incubation in Xylene. The slides were left to dry for 2 
min. All work was carried out in a fume hood. Below is a tongue cryo-section 
stained with H&E (Fig. 3.2).
. f  #éT*- ■ -
r
Figure 3.2 Cryo-tissue section from a pig tongue (control) stained using Hematoxylin & Eosin. Picture taken by 
the LMD microscope.
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S. 3.4.2 Toluidine blue staining
Staining was carried out using the HistoGene™ LCM Frozen Section Staining Kit 
(Arcturus, UK). Initially slides were removed from -70°C freezer, and then allowed 
to thaw at room temperaure for no more than 30s. Sections were fixed for 30s using 
70% ethanol then 30s with distilled water before staining with HistoGene Staining 
Solution for 20s. The slides were then dehydrated through a 75% - 100% ethanol 
series and then cleared with a 5 min incubation in Xylene. The slides were left to dry 
for 5 min. All work was carried out in a fume hood. Below is a tongue cryo-section 
stained with TB (Fig. 3.3).
XIO
N.
Figure 3.3 Cryo-tissue section from a pig tongue (control) stained using Toluidine Blue. Picture taken by the 
LMD microscope.
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3.3.5. Laser Microdissection (LMD)
Sample collection micro tubes (Leica, UK) were irradiated in a UV chamber for 30 
min. Approximately 75 pi lysis buffer was added to the caps of the tubes (RLT 
buffer containing P-Mercaptoethanol, RNeasy Micro Kit, Qiagen, UK). Laser micro- 
dissection was carried out using the Leica AS LMD microscope (Leica, UK) that 
dissects samples using a pulse UV laser. The slide was placed into the slide holder 
and the laser beam was centred for calibration. A cross-section of the LMD stage can 
be visualised in Fig 3.4. Calibration using an empty area of the slide was essential 
for the accurate spatial alignment of the laser beam with respect to the slide and on­
screen display. Once calibrated, the laser controls were set to ensure adequate cutting 
quality. After setting the laser, the area of dissection was outlined on screen and the 
laser carried out the dissection. The cells dropped into the cap where they were 
collected. Once the dissection was complete (Fig 3.5), the cap was inspected to 
confirm that only the specimen of interest was collected in the cap of the micro-tube. 
Once the dissection was complete, samples were stored at -70°C until use.
Figure 3.4 Laser Micro-dissection (LMD) microscope stage set-up. LMD system stage 
showing a specimen-section facing downwards on the membrane slide. Underneath the slide 
is the cap o f a micro-tube where the dissected sample is isolated into, and where the captured 
sample can be inspected.
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Figure 3.5 Laser micro-dissection (LMD) on tongue tissue sections. A; Stratum comeum, B; 
Stratum spinosum, C: Stratum basale. Pictures: (i) area of dissection highlighted, (ii): dissected 
area, (iii): dissected sample identified within the cap o f tube
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3.3.6. RNA extraction
3.3.6.1. RNA extraction from LMD samples using different kits 
K itl: MagNA Pure LC RNA Isolation Kit III
RNA was extracted using the MagNA Pure LC RNA Isolation Kit III in a MagNA 
Pure LC instrument (Roche Diagnostics, UK). The protocol included the following 
steps:
• Magnetic glass particles (MGP) were added to bind the RNA
• DNase solution was added to sample to digest cellular DNA in the sample.
• Wash Buffer I was added to remove unbound substances such as denatured 
protein (nucleases), cellular membranes and PCR inhibitors such as heparin or 
haemoglobin.
• Wash Buffer II was added to remove impurities (cellular debris) and reduce the 
chaotropic salt concentration.
• Proteinase K was added to the sample to digest proteins in the sample.
• Wash Buffer I was added to remove unbound substances.
• Wash Buffer II was added to remove impurities.
Purified RNA was eluted at elevated temperature (Anonymous, 2001) to give a total 
volume of 50 pi in elution buffer (MagNA Pure LC RNA Isolation Kit III).
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Kit 2: Cells to cDNA™ II (Ambion, UK)
RNA was extracted using the Cells to cDNA II Kit (Ambion, UK). The protocol 
included the following steps:
• Ice-cold Cell Lysis II Buffer was added to the sample to lyse the cells.
• Sample was incubated at 75°C to prevent RNAses digesting the RNA.
• DNase I was added to degrade genomic DNA.
• DNase enzyme was inactivated at 75°C
Kit 3: RNeasy® Micro Kit (Qiagen, UK)
Total RNA was extracted from cells dissected by using the RNeasy® Micro Kit 
(Qiagen, UK) which gave a final volume of 12pl of RNA according to the 
manufacturer’s instructions and RNA was stored at -70°C until used. The protocol 
included the following steps:
• Addition of carrier poly-A RNA to cell lysate to group RNA molecules 
together for extraction
• Addition of buffer RWl to remove unbound substances such as denatured 
protein (nucleases), cellular membranes and PCR inhibitors.
• Addition of DNase 1 for DNA digestion
• Buffer RPE was added to remove impurities (cellular debris) and reduce the 
chaotropic salt concentration.
• Addition of 80% ethanol to the RNeasy MinElute Spin Column to dry the 
RNA
o Addition of RNase free water for elution of RNA
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3.3.7 Cell Counting
Porcine IBRS-2 cell cultures were used to develop and determine the correlation 
between the levels of 18S ribosomal RNA and cell numbers. Ribosomal RNA was 
then used as a marker to determine the number of cells with tissue samples. The 
numbers of cells were determined visually using a cell counting chamber 
(Glasstric®, Hycor Biochemical, UK). Cells were diluted by a factor of 100 in PBS 
and 10 pi of the diluted cell culture was added to the cell counting chamber. Cells 
were counted within 5 square grids.
(i) Average number of cells within each grid.
(ii) Average xlOO (dilution factor) =  /ml
(iii) (ii)x 1000 =  /pi
3.3.S PCR Analysis
The GAPDH assay was carried out using the forward primer (5'-TGG GCA TGA 
ACC ATG AGA AGT-3'), reverse primer ( 5 -GGC ATG GAC TGT GGT CAT 
GAG-3') and probe (5'-TGA CAA CAG CCT CAA GAT-3') (S. Alexandersen 
personal communication). TaqMan® Universal PCR Master Mix (Applied 
Biosystems) was used in the following concentrations per PCR reaction:
Taqman Reagents Volume per reaction fpl)
Forward primer ( 1 Opmol/ul) 225
Reverse primer (1 Opmol/ul) 2.25
Ih*obe (5pmol/ul) 1.25
2x TaqMan Master Mix 12.5
cDNA (sample) 7.00
Table 3.1 Real time PCR for detection o f GAPDH mRNA. List o f  reagents with volumes used per reaction
A real time RT-PCR was established for porcine 18S ribosomal (18S rRNA). Details 
of this assay are described in Chapter 2. The relationship between the amount of RT- 
PCR product and the levels of 18S rRNA was evaluated by performing the assay on 
a titration of known numbers of in vitro cultured porcine IBRS-2 cells. A standard
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curve of Cj against log cell number was generated by the GeneAmp® 5700 SDS 
software. RNA aliquots extracted from the different numbers of cells were included 
as reference standards when tissue samples were analysed in an effort to predict the 
number of cells within samples.
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3.4 Results
3.4.1 Optimization for tissue preservation
3.4.1.1 Comparison offormalin and ethanol acetic acid fixatives
RNA extraction was carried out using approximately 10-12mg of tissues from pigs 
(DEFRAexp2-Oct-2002) to examine differences in RNA recovery between tissues 
fixed in 10% formalin or ethanol acetic acid fixative. Tissues included liver, tongue, 
tonsil, skin, spleen, soft palate (SP) and pharynx. PCR reactions were carried out on 
each sample to detect GAPDH mRNA, which was used as a control for successful 
RNA extraction.
All tissues showed higher levels of GAPDH isolated from samples fixed with 
ethanol acetate than those fixed with formalin (Fig. 3.6). These results suggest more 
RNA was recovered from samples fixed using ethanol acetate than those fixed using 
formalin.
Levels of mRNA GAPDH detected in 
Formalin & Ethanol Acetate fixed tissues
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Fig 3.6 Levels of FMDV RNA & GAPDH mRNA from different tissues fixed with formalin or
ethanol acetate. Fixatives: F: formalin, E: ethanol acetate. Data illustrates mean value o f three 
replicates. Errors bars equate to standard error o f the mean. Levels o f GAPDH mRNA are expressed 
as 60 -  Ct values.
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3.4.1.2 Paraffin embedded tissues
To investigate whether FMDV RNA can be extracted from formalin fixed paraffin 
embedded tissues, approximately 10-12mg of tissue was taken from hearts of 
infected pigs and homogenized. The PCR data (Fig 3.7) illustrates that RNA was 
successfully detected from different tissues and using fixatives the paraffin 
embedded tissues. This suggests that RNA can be extracted from paraffin fixed 
tissues.
Levels of FMDV & GAPDH from 
paraffin and fixed tissues
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Fig 3.7 FMDV RNA & GAPDH mRNA detection & quantification of fixed, paraffin embedded 
tissue. Tissues tested: Heart (Paraffin), Foot-skin (Formalin), Foot-skin (Ethanol acetate). M ess 
values from two replicates are plotted with levels o f FMDV and GAPDH are expressed as 60 -  Ct 
values.
Although fixed, paraffin embedded tissues provide the best morphology, frozen 
tissues treated with 30% buffered sucrose produced morphology which was 
sufficient enough to distinguish different epithelial cell layers. These treated frozen 
sections have the advantages to yield more RNA according to previous in situ 
hybridization experiments within the research group (Durand, personal 
communication), so LMD was carried out on frozen sections from this point. In 
addition, foot-skin and tongue tissues were showed to contain the highest levels of
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viral RNA (data not shown). Therefore, these tissues were used to establish FMDV 
RNA detection using LMD and RT-PCR analysis.
3.4.2 Histological staining
A comparison between two different stains, hematoxylin and eosin, and toluidine 
blue was carried out to determine which stain has the least interference with RNA 
recovery.
One tongue and one foot-skin tissue block, from a pig killed 2 days post infection 
(dpi) with lesions, were sectioned to produce serial sections which were then stained 
with hematoxylin and eosin (H&E), or toluidine blue (TB). LMD was used to collect 
samples from different layers of the epithelium. From the same section, two sets of 
dissections were carried out in which approximately 250 cells and 1500 cells were 
isolated into different micro-tubes. Total RNA was extracted using the MagNA Pure 
LC RNA Isolation Kit III (Roche, UK), and followed by RT-PCR analysis to detect 
FMDV RNA and GAPDH mRNA. The results are summarized in Table 3.6.
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Tissue
sample
Cell layers Cell number FMDVCt
H&E
FMDVCt
TB
GAPDH a  
H&E
GAPDH Ct 
TB
Tongue Comeum 250 43.49 43.85 58.47 60
1500 40.04 38.43 38.43 60
Spinosum 250 60 60 38.93 37.18
1500 60 41.05 32.21 35.25
Skin Comeum 250 42.25 60 60 60
1500 38.65 41.56 60 60
Spinosum 250 32.22 37.78 44.42 60
1500 31.79 34.58 49.68 40.37
Table 3.2 FMDV RNA & GAPDH mRNA detection within foot skin & tongue sections. Tissue 
samples were derived from lesion sites on tongue and foot from a single pig (2 days post infection). 
Sample size: 250 or 1500 cells, Stain: hematoxylin & eosin (H&E), or toluidine blue (TB). Data 
illustrates single replicate and detection o f  FMDV and GAPDH  are expressed as Ct values. A  Ct 
value o f 60.00 would indicate no detection occurred for that particular sample.
In the tongue samples, FMDV RNA was detected in 5 out of 8 samples and GAPDH 
in 6 out of 8 samples. In the skin samples, viral RNA was detected in 7 out of 8 
samples and GAPDH in 3 out of 8. Levels of RNA detected were higher in 1500 
cells than those detected in 250 cells. These preliminary results showed that PCR 
and RNA extraction assays were overall quite effective. For the staining comparison, 
PCR Cts from tissues stained using hematoxylin and eosin (H&E) showed better 
(lower) values (not statistically different), than those from tissues stained with 
toluidine blue (TB). Therefore H&E staining sections were used for all subsequent 
experiments.
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3.4.3 RNA extraction
The next step was to define which RNA isolation method would be the most 
appropriate for the PCR detection of viral and cellular RNA extracted fi*om LMD 
samples. Depending on the extraction procedure used the level of RNA recovery for 
LMD samples may differ. Therefore, three different RNA isolation methods were 
used to extract viral and cellular RNA from LMD samples and the results compared. 
The first one was the MagNA Pure LC RNA Isolation Kit H (Roche, UK), where the 
extraction was carried out by the automated MagNA Pure LC instrument (Roche, 
UK). This kit was currently being used in the laboratory for diagnostic RT-PCR. The 
second kit was the Cells to cDNA Kit II (Ambion, UK), which was a very quick 
method and where the cDNA can be made without isolating the RNA. The third kit 
was the RNeasy Microkit (Qiagen, UK). This kit was designed to extract RNA from 
very small samples, and also allowed a small final elution volume to be used.
3.4.3.1 Comparison o f “MagNA Pure ” and “Cells to cDNA ” Kit II
Frozen sections of tongue tissue at 2 dpi lesion area were used in this study. 
Different number of cells (50,100, 250 & 1000) fi*om the epithelium were dissected. 
Two sets of samples were dissected, where one set is to be tested using the MagNA 
Pure kit, and another to be used for the Cells to cDNA kit II. Results are shown in 
Figure 3.8.
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Figure 3.8 FMDV RNA & GAPDH mRNA detection o f different number o f cells dissected from from 
a single pig tongue with lesion epithelium (2 day post infection) using different RNA extraction kits. 
A: 50 & 100 cells, B: 250 & 1000 cells. Kit 1 : RNA extracted using MagNA pure kit (Roche), kit 2: 
RNA extracted using Cells to cDNA Kit II (Ambion). Detection o f FMDV and GAPDH are expressed 
as 50 - Ct values. Data represent the mean for each sample, tested six times. Bars represent standard 
error of the mean
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RNA extracted using the MagNA Pure kit and the cells to cDNA kit was detected 
from all samples. From most of the different cell-number LMD samples, the results 
suggest that higher levels of FMDV RNA was recovered from samples that were 
treated using the cells to cDNA Kit II than the MagNA Pure kit. For GAPDH only 
the 100 and 1000-cell samples showed higher levels of RNA detected using the Cells 
to cDNA kit II. Detection of GAPDH was inconsistent when examined from the 
different numbered samples using the different extraction methods. This may due to 
the levels of GAPDH being affected by FMDV infection, and may lead to 
inconsistent detection by PCR in infected tissues. In some replicates consistently no 
GAPDH was detected therefore the initial assumption was that this kit may also not 
be suitable for the RNA extraction of LMD samples therefore a new RNA marker 
might give superior results was to be investigated.
3.4.3.2 RNeasy MicroKit
The RNeasy Micro Kit is designed for the isolation of total RNA from small 
samples, from milligram amounts of tissues down to single cells. The RNeasy 
MinElute Spin Columns enables minimal elution volumes, as little as 10 pi, to 
concentrate the RNA from fewer cell samples. As a cellular marker, 18S ribosomal 
RNA (rRNA) was used as a control to ensure that cellular RNA was being efficiently 
extracted during the RNA extraction.
LMD was carried out using frozen tongue sections similar to those used for the other 
extraction kits to isolate RNA. Approximately 1000 cell-samples from the tongue 
epithelium of a 2 dpi pig were isolated and tested for the detection of FMDV RNA 
and 18S rRNA. Results from these samples are shown in Figure 3.9.
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From the samples tested, higher levels of FMDV RNA was detected using the 
RNeasy kit than the previous two kits used. The new RNA extraction kit with the use 
of the new cellular marker, demonstrated that sufficient levels of RNA could be 
extracted fi*om the tongue and foot LMD samples for the detection of RNA. The 
PCR detection was more consistent with 18S rRNA than with GAPDH, therefore 
18S rRNA was used for all subsequent experiments.
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Figure 3.9 FMDV RNA & 18S rRNA detection o f 1000 cells dissected from a single pig tongue with 
lesion epithelium (2 day post infection) using RNeasy extraction kit. Detection o f FMDV and 18S 
rRNA are expressed as 50 - Ct values. Data represent the mean for each sample, tested six times. Bars 
represent standard error of the mean
76
Development o f techniques for Laser Micro-Dissection________________ Chapter 3
A  further experiment was carried out to test whether cells isolated from each cell 
layer using the LMD systems would allow detection of FMDV RNA. Approximately 
1000 cells from the different cell layers (stratum comeum and granulosum, stratum 
spinosum, stratum basale) of the tongue epithelium from uninfected (control) and 2 
dpi pigs were microdissected and tested for the detection of FMDV RNA and 18S 
rRNA. Results from these samples are shown in Figure 3.10.
For the control animal, all the cell types were negative for FMDV and positive for 
18S rRNA. Different levels of 18S rRNA were detected within the different 
epithelial cell types. At 2 dpi, all the epithelial cell layers were positive for FMDV 
RNA and 18S rRNA.
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Fig 3.10 Levels of FMDV RNA and 18S rRNA from a single pig tongue with lesion (2 days 
post infection). CG: comeum and granulosum, S: spinosum, B: basal. Data illustrates single 
replicate and levels o f FMDV and 18S rRNA are expressed as 50 -  Ct values.
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A  similar experiment was carried using LMD samples isolated from the foot skin. 
Approximately 1000 cells from each cell layer were isolated and tested for the 
detection o f FMDV RNA and 18S rRNA. Results from these samples are shown in 
Fig 3.11. For the control animal all the cell layers were negative for FMDV and 
positive for 18S rRNA. At 2 dpi, all cell layers tested were positive for FMDV RNA 
and 18S rRNA.
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Fig 3.11 Levels of FMDV RNA and 18S rRNA from a single pig foot skin with lesion (2 days 
post infection): CG: comeum and granulosum, S: spinosum, B: basal. Data illustrates single 
replicate and levels o f FMDV and 18S rRNA are expressed as 50 -  Ct values.
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3.4.4 The use o f 18S rRNA as a potential quantitative marker 
During this study, the number of cells which were isolated using the LMD 
microscope were visually determined by counting individual cells on-screen. This 
was the only numerical method by which the number of cells could be determined 
that was available. Such a method of measuring the numbers of cells within samples 
was time consuming, labour intensive and inaccurate. Therefore, it was decided that 
a more accurate method of defining the amount cells needs to be devised. It was 
suggested that the level of 18S rRNA detected in the epithelial cells may be a 
quantitative method to determine the number of cells in samples.
Porcine IBRS-2 cells were used to determine the levels of 18S rRNA in known log- 
diluted amounts of cells. Four different concentrations of cells were determined 
using the cell counting chamber (Glasstric®, Hycor Biochemical, UK). 
Approximately 10 000, 1000, 100 and 10 numbers of cells were used and tested for 
18S rRNA. Results fi*om these samples are shown in Fig. 3.12. Data fi*om this 
experiment show that there are clear differences in levels of 18S rRNA detected in 
the different numbers of IBRS-2 cells.
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Fig 3.12 Levels of 18S rRNA in different numbers of IBRS-2 cells. The levels o f 18S rRNA 
detected from the different number o f (log-diluted) cells.Mean values shown from six replicates. 
Levels o f 18S rRNA are expressed as 50 -  Ct values. Bars represent standard error o f the mean.
It was decided to investigate whether this difference in levels of 18S rRNA from 
different numbers of lBRS-2 cells could be used to predict the number of epithelial 
cells isolated from tissue sections using the LMD. This was done by testing the 
levels of 18S rRNA within the samples, and comparing them with the known log- 
diluted number of lBRS-2 cells, considered here as 18S rRNA standards. RT-PCR 
of the 18S rRNA standard dilution series were performed in the same plate as the test 
samples. A standard curve of Cj against log copy number of 18S rRNA from lBRS-2 
cells was generated by the GeneAmp® 5700 SDS software. The levels of 18S rRNA 
detected from the epithelial cells were then used to predict the number of cells within 
the samples.
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Approximately 1000 cell samples were isolated from the epithelium of pigs' tongue 
(uninfected and 2 days post infection), and tested for the detection 18S rRNA and to 
predict the number of cells in the samples. Results from these samples are shown in 
Fig 3.13.
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Fig 3.13 Detection of 18S rRNA and quantification of cells. A; Levels of I8S rRNA. B: Predicated 
cell numbers using levels o f I8S rRNA. Samples consist o f cells (known numbers o f IBRS-2 cells, i.e. 
10, 100, 1000, 10000) or approximately 1000 counted cells isolated from tongue epithelia o f control 
(uninfected) and 2 days post infected (lesion) pigs. Samples: C & G: (comeum and granulosum), S: 
(spinosum), B: (Basal). Ct: Detection o f 18S rRNA is expressed as 50-Ct values. Number o f Cells: 
cell numbers predicted using by Geneamp software from the levels o f 18S rRNA using the calibration 
curve o f 18S rRNA versus lBRS-2 cell numbers.
No Strong correlation was observed between the levels of 18S rRNA detected in the 
tongue epithelial cells from both the uninfected and infected samples, and against the 
levels of the 18S rRNA in the lBRS-2 (standards) cells. From all the pig tissue 
samples it appeared that different levels of 18S rRNA were observed in the different 
cell layers, indicating that different levels of 18S rRNA may occur in the different 
layers and resulting in inconsistent predictions for the number of cells sampled.
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The experiment was repeated using epithelial cells from the foot-skin.
Approximately 1000 cell samples were isolated from foot skin of an uninfected and a 
2 day post-infected pig, and the levels of 18S rRNA were compared to the number of 
cell counted. Results from these samples are shown in Fig 3.14. Again different 
levels of 18S rRNA were detected in similar cell layers suggesting that the levels of 
18S rRNA may not be the same in the different layers and that 18S rRNA was not an 
accurate indicator to predicate the number of cells with the samples.
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Fig 3.14 Detection of 18S rRNA and quantification of cells. A; Levels o f 18S rRNA. B; Predicated 
cell numbers using levels o f 18S rRNA. Samples consist o f cells (known numbers o f IBRS-2 cells, i.e. 
10, 100, 1000, 10000) or approximately 1000 counted cells isolated from foot epithelia o f control 
(uninfected) and 2 days post infected (lesion) pigs. Samples: C & G: (comeum and granulosum), S: 
(spinosum), B: (Basal). Ct: Detection o f 18S rRNA is expressed as 50-Ct values. Number o f  Cells: 
cell numbers predicted using by Geneamp software from the levels o f 18S rRNA using the calibration 
curve of 18S rRNA versus IBRS-2 cell numbers.
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3.5 Discussion and Conclusion
The objective of this study was to develop a working protocol for the combined use 
of laser microdissection and real-time quantitative PCR to detect viral RNA in 
infected tissues. To develop the most effective way to recover RNA from LMD 
samples, staining protocols and RNA isolation techniques were tested on 
cryosections. Two different cellular RNA markers were also tested to demonstrate 
that total RNA was being efficiently extracted during the RNA extraction.
5.5. J Tissue Preservation
To investigate the effects of fixatives on the recovery of RNA, RNA extraction and 
RT-PCR was carried out on control and various infected animal tissues fixed in 
formalin or ethanol acetic acid. The samples were tested for FMDV RNA and 
GAPDH mRNA to observe if samples fixed with ethanol acetate result in higher 
levels of RNA, These results indicated that more RNA was recovered fi*om tissues 
fixed with ethanol acetic acid than tissues fixed with formalin. Formalin can cross­
link proteins and nucleic acids and therefore is likely to reduce levels of RNA 
retrieved during the extraction. The ethanol acetic-acid method causes proteins and 
nucleic acids to precipitate leading to a subsequent higher recovery of molecules. 
Therefore, ethanol acetic acid is a better fixative to minimize the RNA lost.
To investigate whether FMDV RNA could be isolated from fixed paraffin embedded 
tissue; infected heart tissue from a pig was fixed with formalin and embedded in 
paraffin and taken for RNA extraction. Both FMDV RNA and GAPDH mRNA was 
detected indicating that RNA was successfully extracted. The successful detection of
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FMDV RNA from ethanol acetic-acid-fixed, paraffin-embedded tissues suggests that 
this method of tissue treatment is appropriate for LMD sampling of cells. It is hoped 
that in the future, paraffin sections will be used as such sections should result in 
significant improvements in the preservation of cellular morphology and LMD 
sampling from the sectioned and stained tissue.
As the LMD system was not yet tested on any tissue sections; it was decided to 
initially test recovery of RNA using frozen sections. The morphology of the frozen 
sections was also good enough to distinguish the different epithelium cell layers. 
Therefore it was decided that all subsequent experiments could be carried out on 
frozen sections.
3.5.2 Tissue staining
To observe if tissue stains affected the level of recovered RNA, LMD was carried 
out on different tissues and tested using different stains.
From both tissues (skin and tongue), higher levels of RNA were detected in samples 
stained with hemotoxylin and eosin than those with toluidine blue. This suggests that 
the hemotoxylin and eosin least interferes with RNA integrity and_therefore is more 
suitable to use for LMD samples than the toluidine blue stain. Also the sections 
stained with hemotoxylin and eosin allowed the different epithelial cell layers to be 
distinguished easier than those stained than with toluidine blue, thus decided to 
prepare hematoxylin and eosin staining sections for all subsequent experiments.
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3.5.3 RNA extraction
Different RNA isolation kits were used to identify which one would be suitable to 
extract RNA from LMD samples. The first kit, MagNA Pure LC RNA Isolation Kit 
II (Roche, UK), where extraction was carried out in the MagNA Pure LC instrument, 
resulted in poor detection of RNA in LMD samples. The concentration of the RNA 
was not enough to allow accurate detection FMDV RNA or GAPDH mRNA from 
LMD samples. The kit requires around 8 -12 mg of tissue to be within a 350 pi 
volume of lysis buffer, with the RNA eluted in a 50pl volume. So if the sample size 
was only a few thousand cells, this would result in the sample being too dilute to 
detect viral and cellular RNA, and therefore not suitable for samples to be isolated 
using LMD for quantitative RT-PCR analysis.
The second kit tested. Cells to cDNA kit II (Ambion, UK) allowed cDNA to be 
produced without isolating the RNA. An experiment was carried out on cells isolated 
from a tongue lesion (2 dpi). RNA extraction was carried with one set of samples 
using the MagNA Pure kit (Roche, UK) and another set using the Cells to cDNA kit 
(Ambion, UK) to compare yield of RNA. More FMDV RNA was recovered using 
the Cells to cDNA kit than the MagNA Pure kit indicating that the Ambion RNA 
extraction kit was more suitable for LMD samples than the Roche kit. Detection of 
FMDV did occur from the 2 dpi lesion. However, inconsistent detection still 
remained when the RNA was tested for GAPDH.
The third kit, RNeasy Micro (Qiagen, UK) designed to isolate RNA from small 
samples was used to test on samples similar to ones used previously for the other 
RNA isolation kits. As GAPDH was inconsistently detected as a qualitative marker
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possibly due to FMDV infection or low concentration of RNA analysed, an 
alternative marker for cellular messages 18S ribosomal RNA was used to investigate 
whether total RNA was extracted.
This RNA extraction method allowed consistent detection of FMDV and 18S rRNA. 
Ribosomal RNA (18S) was a stable RNA marker even after cellular infection and 
virus replication. In addition, this kit allows the final volume of RNA to be eluted to 
be as little as lOpl that, if converted all to cDNA, can minimize the loss of any RNA 
material, together this made the Qiagen Kit the most appropriate for his application.
5.5.4 Suitability o f 18S rRNA as a potential quantitative marker 
The use of 18S rRNA levels expressed by the epithelial cells as a marker for 
determining the number of cells was investigated. Using a homogenous population 
of cells (porcine IBRS-2 culture cells) a linear relationship between the levels of 18S 
rRNA and cell number was demonstrated. When this technique was applied to an in 
vivo sample consisting of a heterogeneous population of cells. Different levels of 
18S rRNA were observed for each cell layer. This suggests that differential levels of 
18S rRNA occur within the different epithelial cells of the tongue and foot-skin. 
However, the detection of consistent differences in 18S rRNA between the different 
cell layers can be utilised as a qualitative marker to illustrate accurate level of 
isolating relatively pure or homogeneous cells isolated using the LMD microscope. 
Clearly this is of significant importance as a primary objective in subsequent 
experiments discussed later in this thesis involves the investigation and 
quantification of FMDV between the different epithelial cell layers.
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Other results have also shown that certain cell layers such as the stratum basale may 
have different levels of 18S rRNA when isolated from different areas of the 
epithelia, i.e. higher levels of 18S rRNA observed in basal cells that occur at papillae 
structures than cells isolated from other sites (data not shown). The levels of 18S 
rRNA to be used as a marker to predict sample sizes may be further complicated by 
differential levels of 18S RNA in different layers but between different tissues such 
foot-skin and the soft palate (data not shown) and from different cells within the 
same tissue; such as epithelial, muscle or glands. Such findings suggest that 18S 
rRNA unfortunately may not form a suitable quantitative marker to determine cell 
numbers in heterogeneous samples from different tissues. Therefore ribosomal RNA 
detection was used only qualitatively to illustrate consistent extraction and detection 
of total RNA in all subsequent experiments. Also, as the epithelial cells are not of 
uniform size it may be possible that an alternative way of defining the sample-size 
can be utilised. This may be done by specifying the area of cells to be dissected 
rather than the number of cells. However, the sample area-size may be difficult to 
use as the epithelium of tissues such as the skin and tongue contain structures such as 
papillae that occur frequently, which create inconsistencies in the otherwise uniform 
sampling region.
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3.5.5 Conclusion
In this part of the chapter, a working protocol for the detection and quantification of 
RNA fi'om laser microdissected samples of tissues sections was developed (Fig. 
3.15). The use of the RNeasy Microkit (Qiagen, UK) RNA extraction kit was the 
most effective method of isolating total RNA fi*om LMD samples which were 
stained with hematoxylin and eosin. A thousand cells has been determined sufficient 
to reliably quantify both FMDV and 18S rRNA. The use of 18S rRNA as a RNA 
marker from pig epithelial samples infected with FMDV ensures continuous 
detection of cellular RNA during the course of infection regardless of the level of 
virus within the sample.
Tissue samples 
isolated from 
animals
Reverse Transcription
RNA extraction using 
RNeasy Microkit 
(Qiagen, UK)
Sample incubated in 
30% buffered 
Sucrose a t 4®C 
( 4 - 6  hours)
Real Time 
Quantitative PCR
Tissue section stained 
using H&E staining, 
LMD carried out
Tissue block 
sectioned & stored at 
-70*C until staining
Tissue block covered 
with OCT & stored at 
-70°C until sectioning
Figure 3.15 Working Protocol to isolate and detect RNA using LMD. The entire run-through o f  
the final upstream and downstream steps involved in developing the LMD microscope for the use o f  
detecting RNA from in vivo samples.
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Figure 4.1 Flowchart Chapter 4 overview. Diagram illustrates the basic contents o f Chapter 4
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4.0 Summary
• The distribution and amount of FMDV RNA was determined in different cell 
layers in epithelial tissues of the foot (coronary band), tongue and soft palate 
collected from acutely infected pigs:
o The highest levels were detected in the epithelia of the foot and the
lowest levels were detected in the cell layers of soft palate.
• RNA was detected from day one post infection in layers of the foot, 
tongue and soft palate. By 28 days post infection viral RNA could no 
longer be detected in the epithelia from the soft palate, tonsil or 
mandibular lymph node.
• In the foot, RNA was detected in all layers during acute infection and 
spread from layer to layer could not be identified with confidence.
• Consistent detection of high levels of FMDV RNA in stratum 
spinosum and stratum basale suggests that replication is most efficient 
in these layers.
• In the tongue, high levels of FMDV RNA were detected in surface 
cell layers (stratum comeum and granulosum) first at one day post 
infection.
• In the soft palate virus RNA was detected first detected in the 
spinosum layer of the dorsal surface suggesting that may be the 
primary site of soft palate infection.
• Viras RNA levels were maintained in the dorsal surface of the soft 
palate but levels dropped on the ventral surface.
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• Epithelia microdissected from lesion areas in foot and tongue contained higher 
levels of FMDV RNA than those in neighbouring non-lesion area.
• The detection of 18S ribosomal RNA illustrated that different levels of 18S 
rRNA differed between cell layers of the foot and tongue epithelia. However, the 
levels of 18S rRNA were relatively similar in all layers of the soft palate.
4.1 Introduction
Foot and mouth disease (FMD) in the pig is characterised by the formation of 
vesicles in the mouth and on the feet and tongue, with the loss of appetite and 
lameness (Kitching & Alexandersen, 2002). During acute infection, FMDV was 
detected in the epithelia of the foot, tongue and pharynx (Alexandersen et ah, 2001). 
A previous study showed that a significant amount of virus RNA was detected in the 
tissues of the pharynx (ventral floor of the pharynx, soft palate and tonsil) in 
naturally infected pigs as early as one day post infection (dpi). This suggested that 
the earliest sites of FMDV infection and replication in this host appeared to be the 
pharyngeal region, particularly the dorsal part of the soft palate (Alexandersen et al., 
2001). After local replication, the virus passes to regional lymph nodes and then into 
the bloodstream (Alexandersen et ah, 2001). Viral replication may reach a peak as 
early as two to three days after exposure (Alexandersen et ah, 2001 Oleksiewicz et 
al., 2001). The greater part of the viral replication occurs subsequently within the 
stratified squamous epithelia of the foot and tongue and the highest levels of FMDV 
RNA have been detected here (Alexandersen et ah, 2001). Some replication also 
occurs in the epithelia of the pharyngeal region. Pigs clear infection within three to 
four weeks and are not known to become carriers (See chapter 5).
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The epithelia of foot, tongue and the pharyngeal region consist of different cell 
layers. Previous studies using in situ hybridisation have shown that FMDV was 
detected most strongly in the basal and spinosum layers of the foot epithelium and in 
the stratum spinosum of the tongue (Brown et al, 1995). But little quantitative 
analysis of FMDV infection in the different cell layers of the epithelia from these 
tissues has been documented.
In the present study, we used laser microdissection (LMD) in combination with qRT- 
PCR to quantitatively analyse FMDV RNA within different cell layers of the 
epithelia of the foot, tongue and soft palate from experimentally infected pigs in 
order to determine the sites of intital infection, the levels of RNA reached and the 
spread of virus within the epithelia. Tissues from pigs infected at 28 days previously 
were also examined by these sensitive means for the continued presence of FMDV 
RNA that might indicate any previously unsuspected persistence.
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4.2 Materials and Methods
4.2.1 Animal Experiments
A total of 16 directly inoculated pigs were used in three separate experiments. 
Fourteen pigs were sacrificed at the acute stage and two pigs at the convalescent 
stage of infection. Although animals were examined in groups of three at the same 
time post-infection, each animal in the group was actually inoculated on a different 
date. Thus the groups combined animals fi"om three independent experiments rather 
than a single experiment initiated at the same time and analysed in triplicate. 
Samples firom the foot, tongue and soft palate were used to analyse the level of 
FMDV RNA during the acute stage of infection, whilst samples from the soft palate, 
tonsil and mandibular lymph node were taken for analysis of late infection. Tissue 
samples were chosen that reflected the known distribution of FMDV RNA during 
infection (Murphy, PhD thesis). All samples were collected and analysed as 
described in chapter 2.
Samples were collected fi*om lesion edges such that they should contain both 
diseased (visual lesion) and non-diseased (non-lesion: infected/non-infected) cells 
for comparison. Data in this chapter are derived only fi*om samples that met these 
criteria, as described in Chapter 2. A summary of the tissue sections is presented in 
Table 4.1.
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Time points 
(DPI)
Microdissected 
Coronary band 
epithelia
Microdissected
Tongue
epithelia
1 Non lesion only Non lesion only
2 Lesion & non lesion Lesion only
3 Lesion & Non lesion Lesion only
4 Lesion only Lesion only
Table 4.1 Lésion and Non-lesion samples isolated at different times after 
infection. DPI: days post infection
4.2.2 Laser Micro-Dissection
Approximately 1000 cells were dissected by LMD from different cell layers in skin 
and tongue. The cell layers isolated were the stratum comeum and granulosum 
sampled together (CG), stratum spinosum (S) and stratum basale (B) sampled 
separately. For the soft palate, around 1000 cells were isolated from two cell layers: 
the spinosum and basal cells of the ventral and dorsal surfaces. FMDV RNA and 18S 
rRNA were then quantified in each cell layer.
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4.2.3 Statistical Analysis
Data was analysed using the Mann-Whitney test via Minitab® for Windows, release
14.31 (Minitab Inc., State College, USA). This method was chosen because of the
small number of samples. Tests compared the difference of medians from a data set
for one particular sample and compare to a data set for another particular sample. For
instance, if one wished to determine whether the level of virus in layer X is actually
different from that in layer Y one might obtain data of the type given below
consisting of a list of individual replicates representing the experimental
determinations of the level of virus RNA in each layer.
Cell layer X: 5,4,4, 3, 6, 5,4,3,
Cell layer Y: 8, 8,7, 8,9, 8, 8,5
N= 8, Median: X= 4, Y= 8,
At 95% Confidence Interval, test suggests that X is not equal to Y, test is significant 
at 0.0016.
A P value of <0.05 was considered statistically significant. Several tests were carried 
out to investigate differences in the levels of FMDV during the acute stage of 
infection. The first test was to examine differences in the levels of FMDV from each 
epithelium at different time points. The second test was carried out to examine the 
differences in lesion compared to non-lesion sites at specific days. The third test was 
to examine the levels of FMDV ivithin the individual cell layers during the course of 
acute infection. The fourth test was to examine the levels of FMDV between the 
different cell layers at each time point.
Mean values presented in all figures were generated from the samples tested. Error
bars present the standard error calculated using the formula (standard error =
standard deviation/ sq. root (number of samples)) in Microsoft Excel.
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4.3 Results
4.3.1 Distribution ofFMDV RNA in foot epithelia
Ribosomal RNA (18S) was detected in all samples except at day 4-post infection 
(dpi). The levels observed varied between epithelial cell layers, with the highest 
levels of 18S rRNA consistently detected in the basal cells and the lowest levels 
detected in the comeum and granulosum cells. The amount of 18S rRNA declined 
during the course of the infection, which may be due to virus-induced response to 
infection. However it is important to realize that 18S rRNA was only examined as an 
RNA marker for the quality of extracted RNA, the levels were not used to correct or 
relate vims RNA levels between samples and consequently, whilst this variation is 
interesting, it is of only minor significance to this study and will not be discussed in 
great detail.
Ribosomal (18S) rRNA was detected in all control samples whist these were 
uniformaly negative for vims RNA (Fig. 4.1 A). At 1-day post infection (dpi), low 
homogenous levels (1.5 -  2.0 logio of FMDV RNA per 1000 cells or logio units) of 
FMDV RNA was detected in each cell layer (Fig. 4.2B).
At 2 dpi a set of lesion (Fig 4.2C) and neighboring non-lesion (Fig 4.2D) cells were 
isolated to quantify FMDV RNA. The distribution pattern of FMDV between the 
epithelial cell layers was similar for lesion and non-lesion samples. However, higher 
levels of FMDV RNA (approx. 2.0 logio units) were detected in epithelial cell layers 
fi"om lesion areas than those fi’om non-lesion areas. A statistically significant 
difference was noted (P = 0.0235) between the levels of RNA detected in all lesion
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samples (combined) and all non-lesion samples (combined) (Table 4.2b). Within 
lesion areas, the highest levels of FMDV RNA were detected in the basal and 
spinosum cells (> 6.0 logio units), and the lowest in the comeum and granulosum 
cells (< 6 logio units) (Fig. 4.2C). However the difference in FMDV RNA between 
these cell layers was not statistically significant (P = 0.1036) (Table 4.2d). A similar 
pattem of distribution of FMDV RNA was observed in the non-lesion cell layers 
with the highest levels present in the basal cells (> 6 logio units), intermediate levels 
in the spinosum cells (5 logio units) and the lowest levels in the comeum and 
granulosum cells (> 4 logio units) (Fig. 4.2D).
A similar distribution was noted at 3 dpi (Fig. 4.2D & E). A significant difference 
was again observed between all the cell layers from lesion sites (combined) and 
those cell layers from non-lesion sites (combined) (P = 0.0117) (Table 4.2b). 
However no significant difference was observed between the cell layers within the 
lesion (P = 0.2963) or the non-lesion (P = 0.6761) (Table 4.2d).
Levels of FMDV RNA declined at 4 dpi and dropped below the levels of days 2 and 
3-post infection. Levels of FMDV were similar to those from the non-lesion cell 
layers at 3 dpi ( 2 - 4  logio units) (Fig. 4.2G).
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Figure 4.2 FMDV RNA & 18S rRNA detection & quantification fi-om specific epithelial cell- 
layers o f foot skin at different times after infection. A: control, B: 1 dpi, C: 2 dpi lesion, D: 2 dpi 
non-lesion, E: 3dpi lesion, F: 3 dpi non-lesion, G: 4 dpi lesion. Cell layers, CG: comeum and 
granulosum, S: spinosum, B: basal. Data represent the mean for each sample at each time point, 
tested eight times (twice from one pig, and three times from two other pigs). Bars represent 
standard error o f the mean.
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Combining these observations to follow the appearance and decline of FMDV RNA 
in different epithelial layers with time reveals an underlying similarity (Fig 4.3). The 
levels of FMDV RNA peaked at 2 dpi in all the cell layers (P = 0.0091) (Table 4.2a), 
with higher levels of FMDV detected in lesion cell layers compared to the equivalent 
non-lesion cell layers. In lesion cells the level of FMDV decreased slightly at 3 dpi 
and sharply at day 4 dpi. In the non-lesion cells the levels of FMDV decreased 
sharply at 3 dpi. At 4 dpi, the spinosum and basal cells showed a slight decrease in 
FMDV whereas the comeum and granulosum cells showed a slight increase at this 
time.
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Figure 4.3 FMDV RNA distributions within epithelium cell layers o f foot skin over time, (lesion and non lesion samples 
at 2 & 3 dpi). A: Comeum and Granulosum cells, B: Spinosum cells, C: Basal cells,. L: lesion samples, NL: non lesion 
samples, C: combined lesion & non-lesion samples. No lesion value at 1 dpi & no non-lesion value at 4 dpi. Data 
represent the mean for each sample at each time point, tested eight times (twice from one pig, and three times from two 
other pigs). Bars represent standard error o f the mean.
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Comparison P Value
Epithelia (a)
2 dpi vs 3 dpi 0.0009 *
(Combined cell layers)
2 dpi vs 4 dpi <0.0001 *
(Combined cell layers)
3 dpi vs 4 dpi 0.0004 *
(Combined cell layers)
Lesion vs Non Lesion (b)
2 dpi (L vs NL) 0.0235 *
(Combined cell layers)
3 dpi (L vs NL) 0.0117*
(Combined cell layers)
Cell layers during
acute infection (c)
CGvsS 0.0384 *
(1 - 4  dpi)
CG vs B 0.2377
( 1 -4  dpi)
S vs B 0.5893
(1 - 4  dpi)
Individual cell layers
(2 & 3 dpi) (d)
CGvsS(L) 0.1893
(2 dpi)
CG vs B (L) 0.1036
(2 dpi)
SvsB(L) 0.5635
(2 dpi)
CG vs S (NL) 0.3827
(2 dpi)
CG vs B (NL) 0.1904
(2 dpi)
S vs B (NL) 0.1904
(2 dpi)
CGvsS(L) 0.2963
(3 dpi)
CG vs B (L) 0.4034
(3 dpi)
SvsB(L) 0.8345
(3 dpi)
CG vs S (NL) 0.9166
(3 dpi)
CG vs B (NL) 1.000
(3 dpi)
SvsB(NL) 0.6761
(3 dpi)
Table 4.2 P values for statistical analysis o f  FMDV between different samples and time points tested 
during acute infection in the foot. L: lesion samples, NL: non-lesion samples. Epithelial cell layers; CG: 
Comeum & Granulosum, S: Spinosum, B: Basale. Tests a: Comparing epithelia (combined cell layers) 
between different days, b: Comparing lesion (combined cell layers) against non-lesion (combined cell 
layers), c; Comparing each cell layer during the 4 days o f  infection, d; Comparing individual cell layers at 
specific time-points. * indicates a statistical difference at 95% confidence interval.
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4.3.2 Distribution o f FMD V RNA in tongue epithelia
The distribution and amount of 18S rRNA was similar in tongue epithelial cells (Fig 
4.4) to those of the foot. Levels were highest in the basal cells and lowest in the 
comeum and granulosum cells. Once more, control animals were negative for 
FMDV RNA and positive for 18S rRNA in all cell layers (Fig 4.4A).
At 1 dpi, the highest levels (> 2 logio units) of FMDV RNA were detected in the 
comeum and granulosum cells, with the lowest in the basal cells (Fig 4.4B). A 
statistically significant difference was observed between the comeum and 
granulosum cells compared to the spinosum (P = 0.0170) and the basal cells (P = 
0.0006) (Table 4.3c). At 2 dpi, the higher levels (5 logic units) of FMDV were 
detected in the spinosum cells with lower, homologous levels (around 4 logic units) 
of FMDV detected in the comeum and granulosum and basal cells (Fig 4.4C).
At 3 dpi, the level of FMDV RNA detected was less than at 2 dpi (around 2 - 4  logic 
units) (Fig 4.4D). However, the distribution of FMDV within the cell layers was 
similar to 2 dpi At 4 dpi the level of FMDV detected was similar to day 3-post 
infection. Homologous levels of FMDV were detected in the comeum and 
granulosum and spinosum cells, around 3 logic units. Around 1 logic unit of FMDV 
RNA was detected in basal cells (Fig 4.4E).
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Figure 4.4 FMDV RNA & 18S rRNA detection & quantification from specific epithelial cell- 
layers o f tongue at different times after infection. A; control, B: 1 dpi, C: 2 dpi lesion, D: 3dpi 
lesion, E: 4 dpi lesion. Cell layers, CG: comeum and granulosum, S: spinosum, B: basal. Data 
represent the mean for each sample at each time point, tested eight times (twice from one pig, 
and three times from two other pigs). Bars represent standard error o f the mean.
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When the data was displayed to illustrate the levels ofFMDV RNA in cell layers 
over time (Fig 4.5) the pattern was similar in all layers. The levels ofFMDV RNA 
peaked at 2 dpi in all the cells layers {P = 0.0086) (Table 4.3a). Following the peak, 
in the comeum and granulosum layers, there were minor fluctuations in the levels of 
FMDV RNA that were not statistically significant between 3 and 4 dpi. In the 
spinosum and basal cells, the level ofFMDV detected decreased at 3 dpi, and this 
continued at 4 dpi.
Level of FMDV in tongue epithelial cell layers
Cell layers
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Figure 4.5 FMDV RNA quantification o f epithelial cell layers o f tongue during acute infection, 
Cell layers: CG: comeum & granulosum, S: spinosum, B: basal. Data represent the mean for each 
sample at each time point, tested eight times (twice from one pig, and three times from two other 
pigs). Bars represent standard error o f the mean.
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Comoarison P  Value
Epithelia (a)
1 dpi vs 2 dpi <0.0001 *
(Combined cell layers)
1 dpi vs 3 dpi 0.0021 *
(Combined cell layers)
1 dpi vs 4 dpi 0.0241 *
(Combined cell layers)
2 dpi vs 3 dpi 0.0086 *
(Combined cell layers)
2 dpi vs 4 dpi 0.0002 *
(Combined cell layers)
3 dpi vs 4 dpi 0.2813
(Combined cell layers)
Cell layers during
acute infection (b)
CGvsS 0.8069
(1 -4  dpi)
CG vs B 0.0071 *
(1 - 4  dpi)
SvsB 0.0302 *
(1 -  4 dpi)
CGvsS 0.0520
(2 dpi)
Individual cell layers at
each time point (c)
CG vs S 0.0170*
(1 dpi)
CGvsB 0.0006 *
(1 dpi)
SvsB 0.3292
(1 dpi)
CG vs B 0.4309
(2 dpi)
S vs B 0.3184
(2 dpi)
CG vs S 0.8747
(3 dpi)
CG vs B 0.8730
(3 dpi)
SvsB 0.6355
(3 dpi)
CG vs S 0.7615
(4 dpi)
CG vs B 0.0029 *
(4 dpi)
SvsB 0.0063 *
(4 dpi)
Table 4.3 P values for statistical analysis ofFM DV between different samples and time points tested 
during acute infection in the tongue. Epithelial cell layers; CG: Comeum & Granulosum, S: 
Spinosum, B: Basale. Tests a: Comparing epithelia (combined cell layers) at different days, b: each 
cell layer during the 4 days o f  infection, c: Comparing individual cell layers and specific time-points. 
* Indicates a statistical difference at 95% confidence interval.
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4. S. 3 Distribution o fFMDV RNA in soft palate epithelia 
LMD was carried out to isolate the spinosum and basal cell layers from the ventral 
and dorsal regions of the soft palate. Muscle cells from the tissue were also tested for 
FMDV RNA to detect spread FMDV via the circulation.
Ribosomal RNA (18S) was detected in all samples, similar levels were observed 
between the different cell layers. In contrast to tongue and foot epithelia, no lesions 
were observed within the epithelia of the soft palate. No FMDV RNA was detected 
in any of the cell layers from soft palate from control animals (Fig 4.6A).
At 1 dpi, a low level ofFMDV RNA was detected in the spinosum cells of the dorsal 
surface of the soft palate (Fig 4.6B). At 2 dpi, FMDV RNA was detected in all the 
epithelium cell layers. Higher levels ofFMDV RNA were detected in the spinosum 
cells (around 3 logio units) (Fig 4.6C), from both the dorsal and ventral surfaces, 
than in the basal cells (P = 0.0298) (Table 4.4c) (around 2 logio units).
At 3 dpi, higher levels ofFMDV RNA were detected on the cell layers of the dorsal 
surface than within the ventral surface of the soft palate (Fig 4.6D). Around 2 log 
units ofFMDV RNA were detected in both sets of spinosum cells and the basal cells 
on the dorsal side of the soft palate. The level ofFMDV RNA detected in the basal 
cells on the ventral side was approximately 1 logio unit. At 4 dpi, higher levels of 
FMDV RNA remained detected within the spinosum cell layer on the dorsal surface 
whereas lower levels were detected on the ventral surface (Fig 4.6E). Muscle cells 
were positive for FMDV RNA from day 2 post infection until day 4 post infection (< 
2 logic units).
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Figure 4.6 FMDV RNA & 18S rRNA detection & quantification from specific epithelial cell- 
layers o f the soft palate at different times after infection. A: control, B: 1 dpi, C: 2 dpi, D: 3dpi, E: 
4 dpi lesion. Cell layers, SV: spinosum from ventral side, BV: basal from ventral side, SD: 
spinosum from dorsal side, BD: basal from dorsal side, M: muscle. Data represent the mean for 
each sample at each time point, tested eight times (twice from one pig, and three times from two 
other pigs). Bars represent standard error o f the mean.
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When the data was displayed to illustrate the levels ofFMDV in cell layers over time 
(Fig 4.7) different patterns ofFMDV were observed in the different cell layers over 
4 days post infection. For most of the cell layers, the peak level ofFMDV RNA was 
detected at 2 dpi (Fig 4.7). On the ventral surface, the level ofFMDV RNA 
decreased slightly at 3 dpi with a distinct drop at 4 dpi for the spinosum cell layer 
(Fig. 4.6A). For the basal cells on the ventral side, the level ofFMDV decreased 
slightly at 3 dpi following a plateau at 4 dpi (Fig 4.7B).
For the spinosum cells on the dorsal side, a low level ofFMDV RNA was detected at 
1 dpi (Fig 4.7C). At this time a plateau level of FMDV was detected at 4 dpi (P = 
0.0382) (Table 4.4C). For the basal cells on the dorsal side, peak levels of FMDV 
were detected at days 2 and 3 post infection. The level of FMDV decreased at 4 dpi 
(Fig4.7D).
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Figure 4.7 FMDV RNA quantification for epithelial cell layers o f soft palate over time.
Data represent the mean for each sample at each time point, tested eight times (twice from one 
pig, and three times from two other pigs). Bars represent standard error o f the mean.
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ComDarison P Value
Epithelia (a)
1 dpi vs 2 dpi 0.0001 *
(Combined cell layers)
1 dpi vs 3 dpi 0.0004 *
(Combined cell layers)
1 dpi vs 4 dpi 0.0095 *
(Combined cell layers)
2 dpi vs 3 dpi 0.0094 *
(Combined cell layers)
2 dpi vs 4 dpi 0.0241 *
(Combined cell layers)
3 dpi vs 4 dpi 0.3082
(Combined cell layers)
Cell layers during
Acute infection (b)
SV vs BV 0.1908
(all time points)
SVvsSD 0.9189
(all time points)
SV vs BD 0.2704
(all time points)
BV vs SD 0.2657
(all time points)
BV vs BD 0.9476
(all time points)
SD vs BD 0.3371
(all time points)
Individual cell layers
(Combining both ventral & dorsal)
at each time point (c)
2 dpi (S vs B) 0.0298 *
3 dpi (S vs B) 0.4010
4 dpi (S vs B) 0.6823
DSvsVS 0.0342 *
(4 dpi)
DS vs VB 0.0342 *
(4 dpi)
DS vs DB 0.0382 *
(4 dpi)
Table 4.4 P values for statistical analysis ofFM DV between different samples and time points tested 
during acute infection in the soft palate. Cell layers: SV: ventral spinosum, BV: ventral basal, SD: 
dorsal spinosum, BD: dorsal basal. Statistical analysis ofFM DV were carried out to investigate. Tests 
a: Comparing epithelia (combined cell layers) at different days, b: Comparing each cell layer during 
the 4 days o f  infection, c: Comparing individual cell layers and specific time-points. * indicates a 
statistical difference at 95% confidence interval.
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4.5.4 Distribution o fFMDV RNA in pigs during the late phase o f infection 
Previous data in the laboratory had found that FMDV RNA was detected in the soft 
palate, tonsil and the mandibular lymph node from 2 pigs killed at 28 dpi (Murphy, 
PhD Thesis). This would be an important observation since it might suggest a 
hitherto unsuspected persistence of virus at these sites. We therefore selected these 
same tissues for LMD experiments. Samples from the epithelium of the ventral and 
dorsal surfaces of the soft palate, epithelium and endothelium of the mandibular 
lymph node, cells within follicles and between follicles (non-follicles) were isolated 
and tested for FMDV RNA. In contrast to previous data, most of the samples were 
negative for FMDV RNA (Fig. 4.8). However, the tonsil was still positive for viral 
RNA but at an extremely low level (< 1 logio unit) (Fig 4.8B). This finding requires 
further investigation in view of the low level detected and the question of possible 
persistence in the pig remains unresolved.
114
Distribution and Quantification o f FMDV RNA in Porcine epithelia Chapter 4
Level of FMDV In soft palate, tonsil & mandibular lymph
soft palate
i2
0)o
oo0
1 
Q. O a
o
O)o
□  FIVDV 
■  18S rRNA
V epi D epi muscle
Cell layers
B
mandibular lymph node & tonsil
8
O)
□  FMDV 
■  18SrRNA
Tonsil follicle Tonsil MLN MLN-epi
Tissues
Figure 4.8 FMDV RNA quantification for mandibular lymph node (MLN), tonsil and soft palate 
from two pigs at 28 days post infection. Graphs A: Soft palate, B: Mandibular lymph node and 
tonsil. Cell layers, V epi: ventral epithelium, D epi: dorsal epithelium, tonsil: non follicle cells, 
tonsil follicle: follicle cells, MLN: endothelium, MLN epi: epithelium. Data represent the mean for 
each sample, tested six times. Bars represent the standard error o f the mean.
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4.4 Discussion
4.4.1 Distribution and quantification o f FMDV in the epithelia during 
acute infection
The objective of this study was to microdissect the different cell layers in the 
epithelia of the foot, tongue and the soft palate collected from infected pigs by using 
the LMD and the levels ofFMDV were then quantified by using real-time RT-PCR. 
LMD has enabled us to analyse FMDV infection within the specific cells of interest 
for the first time.
A quantitative analysis showed that virus RNA load peaked at 2 dpi with the highest 
levels detected within different cell layers in the epithelia of the foot, (5 — 7 logio 
units). This suggests that the epithelia in the foot may be the site of maximal FMDV 
replication and it is also the site where the most severe vesicular lesions were 
observed to occur during the acute phase of infection in the pigs. Clinical signs and 
the peak viraemia were observed at 2 days post infection in inoculated pigs (Quan, 
PhD Thesis). This suggests that peak level of viraemia and clinical features 
correlates with maximal virus RNA found in these tissues.
4.4.1.1 Kinetics o f virus replication within the cellular layers offoot epithelium.
The primary epithelial site of FMDV infection within the foot could not be 
determined as FMDV RNA was detected in each of the cell layers as early as 1 dpi. 
FMDV was inoculated in one foot whilst tissue samples were taken from a different 
foot, to mimic the spread of virus from a distal site e.g. the pharynx following 
natural infection. Since virus was indeed detected at the uninoculated foot, it must
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have circulated through the blood in order to localise at these other sites. Thus it 
remains unresolved whether the virus is localised preferentially to one epithelial 
layer or is in fact seeded equally to all layers by thus circulatory spread. It will be 
necessary to examine these RNA levels at earlier times after inoculation in order to 
resolve this point.
Highest levels of FMDV RNA were found in the stratum spinosum and stratum 
basale. This is in agreement with previous studies that found FMDV RNA to be most 
concentrated in the basilar layers (spinosum and basal) in pigs (Brown et ah, 1995, 
Monaghan et ah, 2005a). In the current study, the levels of FMDV RNA were 
quantified, levels found were in each case; comeum and granulosum ( 2 - 5  logio 
units), spinosum ( 2 - 6  logic units) and basal ( 2 - 7  logic units) of FMDV detected 
during acute infection. No significant differences between the cell layers were found. 
But this might result fi-om the selection of regions displaying clinical lesions. In 
these areas where cellular destmction and ongoing virus replication are both well 
established it is perhaps to be expected that high levels of vims will be found 
throughout the epithelium and mask any differences that might be present in layers.
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4.4.1.2 Kinetics o f virus replication within the cellular layers o f tongue epithelium.
A relatively high concentration of FMDV RNA was observed in the stratum 
comeum and granulosum (2 logio units) compared to other layers at day one post 
infection. This suggests that FMDV may localise near to the surface layers of the 
epithelium but the route by which it may have reached the surface layers is not clear. 
FMDV may localise near the surface cell layers from virus travelling via the blood 
vessel up the filiform papillae. In-situ studies have shown that FMDV RNA can be 
deteced around the tip of these papillae, near the stratum comeum and granulosum 
layers {Durand et al, unpublished). This hypothesis could be tested by 
microdissecting the blood vessel and the epithelial cells which surround the papillae 
to detect the levels of FMDV RNA at different time points and determine whether 
FMDV initially travels in from the blood vessel, crosses the basement membrane and 
infect the cells of the papillae. Additionally, FMDV may be due to aerosol shed vims 
originating from possibly the pharyngeal region, which may localise to the surface 
cell layers. However, further work is required to investigate the early localisation of 
FMDV within the tongue epithelia.
In the tongue, high concentration ofFMDV was detected in the stratum spinosum (5 
logio units). This quantitative analysis ofFMDV in the cell layers of the tongue adds 
to a previous study that showed strong detection of FMDV RNA in the spinosum 
layer by in situ hybridisation (Brown et al., 1995). However, the level of FMDV 
RNA detected within the stratum spinosum was not significantly different to the 
other cell layers. The reasons for this have already been discussed in the previous 
section.
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The level of viral decline as the infection subsides was slower in the stratum 
spinosum compared to the stratum comeum and granulosum, and stratum basale. 
This would suggest that the stratum spinosum prolonged efficient FMDV replication 
than in other cell layers. Such observations have not been described previously, as it 
would have been impossible before the development of LMD. Therefore, it would be 
interesting to examine host responses that may outline the kinetics of vims 
replication and determine the mechanism for differential viral clearance in the 
different cell layers.
4.4.1.3 Kinetics o f virus replication within the cellular layers ofsoft palate epithelia._ 
Here, the earliest site of vims RNA detected was shown to occur within the dorsal 
surface, with FMDV RNA being detected in the stratum spinosum. One previous 
study had speculated that the soft palate was important in primary FMDV infection 
in pigs (Alexandersen et al., 2001). Such a result would suggest that initial site of 
infection within the soft palate may be the spinosum cell layer within the dorsal 
epithelia.
Peak levels of FMDV were also detected within the epithelial cell layers of the soft 
palate at 2 days post infection with the highest levels of FMDV detected within the 
spinosum cells, (3 logio units) on the dorsal surface of the soft palate. Interestingly, 
the level of FMDV RNA remained high within the spinosum cells of the dorsal 
surface whereas it decreased earlier in the spinosum cells of the ventral surface of the 
soft palate. A similar pattem was also observed for the basal cells where the level of 
viral RNA began to decrease earlier for the ventral basal cells than for the dorsal 
basal cells suggesting that the vims decreases earlier on the ventral side of the soft
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palate. Such observations have also not been described in the cell layers of the soft 
palate from pigs, again emphasising the advantage utilising the laser microdissection 
to isolate specific cells of interest for this study. A possible explanation for the 
different level of viral decrease between dorsal and ventral epithelia could be that the 
immune response on the dorsal surface of the soft palate (which contains the 
pseudostratified, non-comified epithelium) is different or delayed in comparison 
with the one which occurs on the ventral surface, which contains stratified squamous 
epithelium. The extent of virus decline in the layers of the soft palate is of particular 
significance as this site has been demonstrated to be important for FMDV 
persistence in other hosts (Alexandersen et ah, 2003b). As pigs are not known to 
become carriers it may be possible that the kinetics of decline ofFMDV RNA in the 
porcine dorsal soft palate of pigs may differ to that in cattle. Further investigation is 
required into the mechanisms of virus clearance at these sites in both hosts.
4.4.2 Distribution ofFMD V in pigs during late phase o f infection 
To investigate any potential persistence of FMDV in pigs, certain tissues 
(mandibular lymph node, tonsil and soft palate) from 2 pigs killed at 28 days post 
infection were selected for the detection of FMDV. Data from the whole tissue 
samples suggested that there was a low level of FMDV RNA present in the 
mandibular lymph node and the tonsil of infected pigs {Murphy, PhD thesis).
No FMDV RNA was detected in the epithelium and endothelium cells isolated by 
LMD of the MLN or soft palate. A low level of FMDV RNA was detected in the 
tonsil follicles cells and from cells located between follicles. Further studies are 
needed to confirm this finding as the cells isolated using the LMD were tested at
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random. A single study has claimed detection of persistent FMDV infection in pigs 
(Mezencio et ah, 1999), and also, it has been hypothesised that FMDV may infect 
pig alveolar macrophages, a likely candidate for a carrier site (Baxt & Mason, 1995). 
However, many studies have illustrated that FMDV does not persist in pigs. It may 
be possible that the virus persisting is less than the level recovered from cattle, 
and/or that the sites of persistence in pigs may be different than those identified in 
cattle and therefore very difficult to detect.
4,4.3 Correlation o f viral load with lesions
Results in this study illustrated that the distribution of FMDV RNA within the 
epithelia of the foot was similar between cell layers from lesion and non-lesion areas. 
However, around 10-100 times more viral RNA was detected in lesion cells than in 
non-lesion cells. Such results suggest that there may be a strong correlation between 
the levels of FMDV RNA present and pathology. Previous studies have illustrated 
that higher levels of FMDV can be detected from lesion tissues than in non-lesion 
tissues from pigs (Alexandersen et ah, 2001). High levels of immunolabeled FMDV 
were detected within lesion areas compared to non-lesion areas, specifically within 
the stratum spinosum (Monaghan et ah, 2005a). Significant levels of viral RNA were 
observed in the epithelia of the soft palate from infected pigs. However these levels 
ofFMDV RNA were much lower compared to those detected in the foot and tongue, 
which may indicate that there is a low level virus infection and replication in this 
region. Previously, immunostaining has failed to detect FMDV within the epithelia 
of the soft palate, therefore suggesting little or no level of FMDV may be present 
(Monaghan et ah, 2005a). This may be due to a limited population of target cells or 
restricted replication of FMDV in this area. Other factors may include different host
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responses to the viral infection, stress and trauma, proliferation and differentiation of 
cells within the epithelium may affect the kinetics of FMDV replication; hence it 
would be worth studying the cellular differences between the different epithelia.
4.4.4 Distribution o f 18S ribosomal RNA within the epithelia 
As a cellular marker, 18S ribosomal RNA was used to demonstrate that cellular 
RNA was being efficiently extracted during the RNA isolation procedure. Different 
levels of 18S rRNA were detected in cell layers within the epithelia. This would 
suggest that the cell layers differ in their cellular activity. This was clearly noted in 
the foot and tongue where the epithelium is comfied, stratified-squamous epithelia. 
The level of 18S rRNA within the cell layers of the soft palate was relatively similar, 
suggesting that the cellular activity in each of the cell layers was more consistent. 
The epithelium within the dorsal surface soft palate is not exactly the same as the 
epithelia of the foot or tongue in that is tends not be superficially comified but rather 
pseudostratified (dorsal soft palate) and may contain higher amount of live cells. 
Such differences in cellular activity may affect the kinetics and accumulation of 
FMDV within the epithelia of these tissues.
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Figure 5.1 Flowchart Chapter 5 overview. Diagram illustrates the basic contents o f  Chapter 5
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5.1 Summary
• The distribution and amount of FMDV RNA was determined in different cell 
layers in epithelial tissues of the foot (coronary band), tongue and soft palate 
from acutely infected cattle:
• The highest levels were detected in the epithelia of the foot and the 
lowest levels were detected in the soft palate.
• FMDV RNA was detected first on day one post infection in all the 
tissues tested. By 28 days post infection viral RNA was still detected 
with the epithelium of the soft palate from both carrier and non­
carrier animals.
• In the foot, RNA was detected in the stratum comeum and 
granulosum, and stratum basale at one-day post infection. Results 
overall were inconclusive to determine the spread from layer to layer 
during the course of infection.
• Consistent detection of high levels of FMDV RNA in the stratum 
spinosum and stratum basale suggests that replication is most efficient 
in these cell layers.
• Vims was inoculated into the tongue and high levels of FMDV RNA 
were detected in all layers of this tissue as early as one-day post 
infection.
• In the soft palate, detection of FMDV RNA occurred at one-day post 
infection in the spinosum cells of the dorsal surface suggesting this is 
the primary site of infection within the soft palate.
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• FMDV RNA levels maintained in the dorsal surface of the soft palate 
whereas the levels dropped on the ventral surface.
• Epithelia microdissected from foot and tongue lesion areas contained higher 
levels ofFMDV RNA than those in neighbouring non-lesion areas.
• The detection of 28S ribosomal RNA illustrated that thelevels of 28S rRNA 
differed between layers of the foot and tongue epithelia. However, levels of 28S 
rRNA were relatively similar in all layers of the soft palate.
5.2 Introduction
The exact mechanisms and sites of initial FMDV infection and amplification of the 
virus through the bovine host have not been fully characterised and no study has 
provided quantitative analysis ofFMDV in cell layers of the epithelia from cattle 
tissues. However studies of acute infection reveal that the highest levels ofFMDV 
can be detected in the foot followed by the tongue and then the soft palate (Burrows 
et ah, 1981, Brown et ah, 1992 &1995, Prato Murphy et ah, 1999, Zhang & 
Kitching, 2001, Zhang and Alexandersen, 2004). In-situ hybridisation suggests that 
within these tissues, FMDV RNA was detected most strongly in the basilar layers of 
the foot epithelium, with a less intense signal in the tongue epithelial cells (Brown et 
aU 1992).
A number of studies have illustrated the importance of tissues within the pharynx 
during both acute disease and persistence suggesting that this is a primary site for 
FMDV infection. (Burrows et ah, 1971, McVicar & Sutmoller, 1969, Prato Murphy
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et al., 1994,1999; Zhang & Kitching, 2001; Zhang & Alexandersen, 2004) The 
epithelial cells that can become infected by FMDV have been identified in the soft 
palate, (Woodbury et al., 1995, Prato Murphy et ah, 1999, Zhang & Kitching, 2001). 
However, the levels ofFMDV in the different cell layers have not yet been 
determined, and no study has examined which cells, within the soft palate, may be 
sites of primary infection.
In- situ hybridisation was used to detect FMDV RNA in the tissues of persistently 
infected cattle (Zhang & Kitching, 2000): the location of the signal suggested that 
the infected cells were epithelial. In another study FMDV RNA was detected for up 
to 17 days post infection in the cytoplasm of cells from the stratum basale and 
stratum spinosum of the soft palate, tonsil and pharynx epithelia (Prato Murphy et 
al., 1999). Although viral RNA was located in epithelial cells of bovine pharyngeal 
area (Prato Murphy et ah, 1999; Zhang & Kitching, 2001), the source of the virus in- 
vivo remains elusive and thus the molecular mechanisms establishing FMDV 
persistence might be affected by the rates of viral replication and/or clearance by 
particular cell layers.
In the present study, laser microdissection (LMD) was combined with qRT-PCR to 
detect and measure the amount ofFMDV RNA within different cell layers of the 
epithelia of the foot, tongue and soft palate from experimentally infected cattle. This, 
it was hoped, would allow the sites of initial infection to be identified and to track 
the spread and replication of virus within the epithelium. Tissues from persistently 
infected cattle were also examined by these sensitive means for the continued 
presence ofFMDV RNA that may allow virus carriage.
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5.3 Materials and Methods
5.3.1 Animal Experiments
A total of 13 cattle, from three separate experiments performed for other purposes 
were deemed applicable to this study; five cattle for the acute stage and eight cattle 
for the late stage. Four had become carriers (persistently infected) and four were 
non-carriers, confirmed by testing probang samples by virus isolation and RT-PCR 
(Zhang, personal communication). For the acute infection, tissues were sampled 
from the foot, tongue and soft palate from 0 - 4  days post infection. Each sample 
was subjected to LMD three times and analysed by RT-PCR. Soft palate tissue from 
the carriers and non carriers killed at 28 days post infection were also sampled three 
times from each cow for the analysis of the late stage of infection.
In the previous chapter (Chapter 2) samples were collected from both diseased 
(lesion) and non-diseased (non-lesion) tissues. A summary of the tissue sections 
retrieved is outlined in Table 5.1.
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Time points 
(DPI)
Microdissected 
Coronary Band 
Epithelia
Microdissected
Tongue
Epithelia
1 Non lesion only lesion only
2 Lesion & non lesion Lesion only
3 Lesion only Lesion & non lesion
4 Lesion only Lesion & non lesion
Table 5.1 Lesion and Non-lesion samples isolated from the foot and tongue at different 
times after infection. DPI: days post infection
5.3.2 Laser Microdissection
Approximately 1000 cells were dissected by LMD from different cell layers in foot- 
skin (coronary band) and tongue. The stratum comeum and granulosum layers could 
not be separated and were collected as a combined sample (CG), the stratum 
spinosum (S) and stratum basale (B) were sampled separately. For the soft palate, 
around 1000 cells were isolated from each of the spinosum and basal cells of the 
ventral and dorsal surfaces. FMDV RNA and 28S rRNA were then quantified in 
each.
5.3.3 PCR Analysis
Bovine 28S ribosomal RNA (rRNA) assay was carried out using different primers 
from those used in the porcine experiments since as this assay was described to be 
species specific (Valarcher et al, 2003). The conditions for the detection of the 
bovine 28S rRNA assay are described in Valarcher et al, (2003). Forward primer (5'- 
GGC GAA AGA CTA ATC GAA CCA T-3 ), reverse primer b28S-74-56R (5 -
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CGA GAG CGC CAG CTA TCC T-3 ) and probe b28S-27-54-P (5 -AGT AGC 
TGG TTC CCT CCG AAG TTT CCC T-3') was used.
5.3.4 Statistical Analysis
Data was analysed using the Mann-Whitney U Test. This method was chosen to 
detect significant differences in this non- parametric data-set because of the small 
number of samples used. Several statistical validation tests were carried out to 
investigate differences in the levels ofFMDV during the acute stage of infection and 
these are similar to those already described in the context of porcine infection 
(chapter 4).
A P value of <0.05 was considered statistically significant. Several tests were carried 
out to investigate differences in the levels of FMDV during the acute stage of 
infection. The first test was to examine differences in the levels ofFMDV fi*om each 
epithelium at different time points. The second test was carried out to examine the 
differences in lesion compared to non-lesion sites at specific days. The third test was 
to examine the levels ofFMDV within the individual cell layers during the course of 
acute infection. The fourth test was to examine the levels of FMDV between the 
different cell layers at each time point.
Mean values presented in all figures were generated fi*om all the samples tested. 
Error bars represent standard error calculated as described in the previous chapter.
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5.4 Results
5.4.1 Distribution o f FMDVRNA in Foot epithelia
Ribosomal RNA (28S) was detected in most samples confirming RNA recovery. 
However the amounts detected varied between cell layers. The highest levels of 28S 
rRNA were consistently detected in the basal cells and the lowest in the comeum and 
granulosum cells. This suggests that the levels for 28S rRNA expressed are different 
for each of the epithelial cell layers. As 28S rRNA was only used as a qualitative 
RNA extraction control, the levels of 28S rRNA detected will not be commented 
upon in detail. As expected in the control animal, all of the cell layers were negative 
for FMDV and positive for 28S rRNA (Fig. 5.2A).
Similar levels ofFMDV RNA were detected in the comeum, granulosum and the 
spinosum layers (around 1 logio unit) at 1 dpi. No viral RNA was detected in the 
basal cells (Fig. 5.2B). At 2 dpi a set of lesion and neighboring non-lesion cells were 
isolated to quantify FMDV RNA. Higher levels ofFMDV were detected in the 
lesion than those non-lesion areas, the differences were shown to be significantly 
different (all the cell layers combined) (P = 0.0006) (Table 5.2b). Within the cell 
layers isolated from lesion areas, the highest levels ofFMDV were detected in the 
spinosum cells (> 7 logio units), with similar levels detected in the comeum and 
granulosum cells and the basal cells (around 6 logio units) (Fig. 5.2C). In the non­
lesion cell layers, the distribution pattem ofFMDV detected was similar to that in 
the lesion samples. However, the levels ofFMDV were less than in lesion cells (> 4 
logic units), and were similar between the cell layers (Fig. 5.2D).
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At 3 dpi, ail samples were positive for FMDV RNA, with the highest levels detected 
in the spinosum cell layer (> 7 logio units). In the basal layer around 6 logio units 
was detected. However, the level of FMDV RNA detected in comeum and 
granulosum cells decreased to 2 logio units (Fig. 5.2E).
At 4 dpi, a similar distribution pattem ofFMDV to that at 3 dpi was noted, with 
highest levels detected in spinosum and basal layers (> 6 logio units). This time the 
level of FMDV RNA detected in comeum and granulosum cells was around 4 logic 
units detected, but was still less than the levels detected in the spinosum and basal 
cells (Fig. 5.2F).
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Figure 5.2 FMDV RNA & 28S rRNA detection & quantification from specific epithelial cell 
layers o f foot skin at different times after infection. A: control, B: 1 dpi, C: 2 dpi lesion, D: 2 dpi 
non-lesion, E: 3dpi lesion, F: 4 dpi lesion. Cell layers, CG; comeum and granulosum, S: 
spinosum, B: basal. Data represent the mean for each sample at each time point, tested three 
times from one cow. Bars represent standard error o f the mean.
When the data was presented with the levels ofFMDV in cell layers over time (Fig 
5.3) a specific pattem ofFMDV RNA was observed for each of the different cell 
types over the 4 days post infection. Levels ofFMDV peaked from 2 dpi in the 
lesion cells. In the comeum and granulosum cells, the level ofFMDV detected at 3 
dpi decreased sharply but increased again at 4 dpi. A similar pattem ofFMDV was 
observed in the non-lesion cells. For both the spinosum and basal cells, the level of 
FMDV detected remained high at 3 and 4 dpi while the level of FMDV in the 
comeum and granulosum cells decreased.
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Levels of FMDV In foot epithelium cell layers
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Figure 5.3 FMDV RNA distributions within epithelium cell layers o f foot skin over time, (lesion 
and non lesion samples at 2 dpi). A: Comeum and Granulosum cells, B: Spinosum cells, C: Basal 
cells. L; lesion samples, NL: non lesion samples, C: lesion & non-lesion samples combined. No  
lesion value at 1 dpi & no non-lesion value at 3 & 4 dpi. Data represent the mean for each sample 
at each time point, tested three times from one cow. Bars represent standard error o f the mean.
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Comparison P Value
Epithelia (a)
2 dpi (L) vs 3 dpi 0.3772
(Combined cell layers)
2 dpi (L) vs 4 dpi 0.0934
(Combined cell layers)
2 dpi (NL) vs 3 dpi 0.2510
(Combined cell layers)
2 dpi (NL) vs 4 dpi 0.0521
(Combined cell layers)
Lesion vs Non-lesion (b)
2 dpi (L vs NL) 0.0006*
(Combined cell layers)
Cell layers during
acute infection (c)
CG vsS 0.0224*
(1 -4  dpi)
CG vs B 0.0417*
(1 - 4  dpi)
S vs B 0.1345
(1 - 4  dpi)
Individual cell layers
(2 & 3 dpi) (d)
CG vs S (L) 0.0809
(2 dpi)
CG vs B (L) 0.6625
(2 dpi)
S vs B (L) 0.0809
(2 dpi)
CGvsS(NL) 1.0000
(2 dpi)
CG vs B (NL) 0.3827
(2 dpi)
SvsB(NL) 0.0809
(2 dpi)
CG vsS 0.0809
(3 dpi)
CG vs B 0.0809
(3 dpi)
S vs B 0.0809
(3 dpi)
CG vs S 0.0809
(4 dpi)
CG vs B 0.0809
(4 dpi)
S vs B 0.0809
(4 dpi)
Table 5.2 P values for statistical analysis ofFM DV between different samples and time points tested 
during acute infection in the foot. L: lesion samples, NL: non-lesion samples. Epithelial cell layers; 
CG: Comeum & Granulosum, S: Spinosum, B: Basale. L: lesion samples, NL: non lesion. Tests a: 
Comparing epithelia (combined cell layers) between different days, b: Comparing Lesion (combined 
cell layers) against non-lesion (combined cell layers), c: Comparing each cell layer during the 4 days 
o f  infection, d: Comparing individual cell layers at specific time-points. * indicates a statistical 
difference at 95% confidence interval.
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5.4.2 Distribution o f FMDV RNA in tong^e epithelia
A similar pattem of 28S rRNA was detected in tongue epithelial cells as for foot 
epithelial cells. The highest levels of 28S rRNA were generally detected in the basal 
cells and the lowest in the comeum and granulosum cells, suggesting that the level of 
28S rRNA expressed is different for the epithelial cell layers. In the control animal 
all the cell layers were negative for FMDV RNA and positive for 28S rRNA (Fig. 
5.4A).
At 1 dpi, FMDV RNA was detected in all the epithelium cell layers with highest 
levels detected in the spinosum and basal cells (7 logio units), and lower levels 
detected in the comeum and granulosum cells (5 logic units) (Fig. 5.4B). At 2 dpi, 
homogenous levels (6 logic units) (Fig. 5.4C), ofFMDV RNA were detected in all 
the cell layers.
At 3 dpi, a set of lesion and neighboring non-lesion layers were isolated and tested 
for FMDV RNA. A statistically significant difference was observed between cell 
layers fi*om lesion areas (cell layers combined) and non-lesion areas (cell layers 
combined), with levels being higher within a lesion (P = 0.0027) (Table 5.3b).
Within the cell layers fi*om lesions, the highest levels present in the spinosum layer 
(>6 logic units) (Fig. 5.4D). Similar levels ofFMDV were detected in the comeum 
and granulosum, and basal layers (< 6 logic units). In the non-lesion samples, the 
highest levels ofFMDV detected were in the comeum and granulosum layer (> 4 
logic units). Similar levels ofFMDV were detected in the spinosum and basal layers 
(2 -3  logic units) (Fig. 5.4E).
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At 4 dpi, again higher levels ofFMDV were detected in cell layers from lesions than 
in non-lesion cells (P = 0.0048) (Table 5.3b). Within lesions, the highest levels of 
FMDV RNA were detected in the comeum and granulosum, and spinosum cells (4 -  
5 logio units), and lowest in the basal cells (1 logic unit) (Fig. 5.4F). Within the non­
lesion areas, detection ofFMDV occurred in the comeum and granulosum and 
spinosum cells (1 logic unit), and not for the basal cells (Fig. 5.4G).
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Figure 5.4 FMDV RNA & 28S rRNA detection & quantification fi’om specific epithelial cell 
layers o f the tongue at different times after infection. A: control, B: 1 dpi, C: 2 dpi lesion, D: 3 dpi 
lesion, E: 3dpi non-lesion, F: 4 dpi lesion, G: 4dpi non-lesion. Cell layers, CG: comeum and 
granulosum, S: spinosum, B: basal. Data represent the mean for each sample at each time point, 
tested three times fi’om one cow. Bars represent standard error o f the mean.
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When the data was displayed to illustrate the levels ofFMDV in cell layers over time 
(Fig 5.5) patterns ofFMDV RNA was observed for all the different cell layers over 4 
days post infection.
In the comeum and granulosum cells, the level ofFMDV peaked from 2 dpi (Fig 
5.5A) and thereafter began to drop steadily. In the spinosum and basal cells the level 
ofFMDV peaked at 1 dpi (Fig 5.5B & C), and thereafter began to drop. From the 
lesion cell layers the level ofFMDV decreased slightly at 3 dpi, but sharply at 4 dpi. 
However, in the non-lesion cells the level ofFMDV detected decreased sharply from 
3 dpi. In general, the level ofFMDV RNA decrease was higher in the basal layer 
than in the spinosum and, comeum and granulosum layers.
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Levels of FMDV in tongue epithelial cell layers
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Figure 5.5 FMDV RNA distributions within epithelium cell layers of foot skin over time, 
(lesion and non lesion samples at 3 & 4 dpi). A: Comeum and Granulosum cells, B; 
Spinosum cells, C: Basal cells, L: lesion samples, NL; non-lesion samples, C: lesion & 
non-lesion samples combined. No non-lesion value at 1 & 2 dpi. Data represent the mean 
for each sample at each time point, tested three times from one cow. Bars represent 
standard error o f the mean.
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Comoarison P Value
Epithelia (a)
1 dpi vs 2 dpi 0.2164
(Combined cell layers)
1 dpi vs 3 dpi (L) 0.1333
(Combined cell layers)
1 dpi vs 3 dpi (NL) 0.0036*
(Combined cell layers)
1 dpi vs 4 dpi (L) 0.0047*
(Combined cell layers)
1 dpi vs 4 dpi (NL) 0.0003*
(Combined cell layers)
Lesion vs Non-lesion (b)
3 dpi (L vs NL) 0.0027*
(Combined cell layers)
4 dpi (L vs NL) 0.0048*
(Combined cell layers)
Cell layers during acute infection (c)
CG vs S (L) 0.3586
(1 - 4  dpi)
CG vs B (L) 0.5367
(1 - 4  dpi)
S vs B (L) 0.2215
( 1 - 4  dpi)
CG vs S (NL) 0.0351*
( 1 - 4  dpi)
CG vs B (NL) 0.8852
(1 - 4  dpi)
S vs B (NL) 0.1260
( 1 - 4  dpi)
Individual cell layers (2 & 3 dpi) (d)
CG vsS 0.0809
(1 dpi)
CGvsB 0.0809
(1 dpi)
S vs B 0.0809
(1 dpi)
CGvsS 0.3827
(2 dpi)
CGvsB 0.3827
(2 dpi)
S vs B 0.1904
(2 dpi)
CG vs S (L) 0.0809
(3 dpi)
CG vs B (L) 0.3827
(3 dpi)
S vs B (L) 0.0809
(3 dpi)
CG vs S (NL) 0.1904
(3 dpi)
CG vs B (NL) 0.1904
(3 dpi)
S vs B (NL) 1.0000
(3 dpi)
CG vs S (L) 0.1904
(4 dpi)
CG vs B (L) 0.0809
(4 dpi)
S vs B (L) 0.0809
(4 dpi)
CG vs S (NL) 1.0000
(4 dpi)
CG vs B (NL) 0.3827
(4 dpi)
S vs B (NL) 1.0000
(4 dpi)
Table 5.3 P values for statistical analysis ofFM DV between different samples and time points tested during 
acute infection in the tongue. L: lesion samples, NL: non-lesion samples. Epithelial cell layers; CG: Comeum 
& Granulosum, S: Spinosum, B: Basale. Tests a: Comparing epithelia (combined cell layers) at different 
days, b: Lesion (combined cell layers) against non-lesion (combined cell layers), c: Comparing each cell 
layer during the 4 days o f  infection, d: Comparing individual cell layers and specific time-points.
* indicates a statistical difference at 95% confidence interval.
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5.4.3 Distribution o f FMD V RNA in soft palate epithelia 
LMD was carried out to isolate the spinosum and basal cells from the ventral and 
dorsal regions of the soft palate. Muscle cells from the tissue were also taken to test 
for any background levels ofFMDV in the circulation.
Ribosomal RNA (28S) was detected in all samples with similar levels being detected 
between different cell layers. This suggests that the levels of 28S rRNA expressed 
are similar for the epithelial cell layers. For the control animal, no FMDV was 
detected in any of the cell types from the soft palate (Fig. 5.6A). At 1 dpi, FMDV 
RNA was detected in the spinosum layer, (1 log unit), of dorsal side of the soft 
palate (Fig. 5.6B).
At 2 dpi, FMDV RNA was detected in all the epithelium cell layers of the soft 
palate. The highest levels were detected in the spinosum layer of the dorsal surface 
(3 logio units) and the lowest levels detected in the basal layer, (< 2 logic units) of 
the dorsal surface of the soft palate. Intermediate levels ofFMDV were detected in 
the spinosum and basal layer, (> 2 logic units) of the ventral surface of the soft palate 
(Fig. 5.6C).
At 3 dpi, only the spinosum layer, from both ventral and dorsal sides, were positive 
for FMDV RNA, with around 2 logic units of viral RNA detected (Fig. 5.6D). At 4 
dpi, all the cell layers from both sides of the soft palate were positive for FMDV 
RNA. The highest levels were detected in the spinosum layer (> 3 logic units) of 
dorsal side (Fig. 5.6E).
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Figure 5.6 FMDV RNA & 28S rRNA detection & quantification from specific epithelial cell 
layers o f the soft palate at different times after infection. Cell layers, SV; spinosum from ventral 
side, BV; basal from ventral side, SD: spinosum from dorsal side, BD: basal from dorsal side, M: 
muscle cells. Data represent the mean for each sample at each time point, tested three times from 
one cow. Bars represent standard error o f the mean.
When the data was displayed to illustrate the levels ofFMDV RNA in cell layers 
over time (Fig 5.7) a specific pattem ofFMDV was observed in each of the different 
cell layers over 4 days post infection.
For the spinosum and basal cells on the ventral side (Fig 5.7A & B), the peak level 
ofFMDV was detected at 2 dpi; with levels of FMDV decreasing at day 3 and 4 post 
infection thereafter. For the dorsal surface of the soft palate, higher levels ofFMDV
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were detected in spinosum cells (P = 0.0083) (Table 5.4b) compared to the basal 
layer; where peak level ofFMDV was detected at 2 dpi. The levels of viral RNA 
consistently detected in the spinosum layer but decreased in the basal layer (Fig 5.7C 
& D). For most of the samples, the level ofFMDV RNA dropped at 3 dpi. This 
maybe due to that the level ofFMDV RNA in the soft palate of the individual cow 
killed at 3 dpi being low to the animals at days 2 and 4 post infection.
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Figure 5.7 FMDV RNA quantification for epithelial cell layers o f soft palate over time. A: 
spinosum cells fi-om ventral side, B: basal cells fi-om ventral side, C: spinosum cells fi-om dorsal 
side, D; basal cells from dorsal side. Data represent the mean for each sample at each time point 
tested three times from one cow. Bars represent standard error o f the mean.
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Comparison P Value
Epithelia (a)
1 dpi vs 2 dpi 0.0004 *
(Combined cell layers)
1 dpi (vs 3 dpi 0.0568
(Combined cell layers)
1 dpi vs 4 dpi 0.0073 *
(Combined cell layers)
2 dpi vs 3 dpi 0.0006 *
(Combined cell layers)
2 dpi vs 4 dpi 0.5222
(Combined cell layers)
3 dpi vs 4 dpi 0.1076
(Combined cell layers)
Cell layers during
acute infection (b)
SVvsBV 0.9508
(1 -4  dpi)
SVvsSD 0.1080
(1 - 4  dpi)
BV vs SD 0.1029
(1 -4  dpi)
BV vs BD 0.3712
(1 - 4  dpi)
SD vs BD 0.0083 *
(1 - 4  dpi)
Individual cell layers
(Combining both ventral & dorsal)
at each time point (c)
2 dpi (S vs B) 0.2980
3 dpi (S vs B) 0.0037*
4 dpi (S vs B) 0.2805
DSvsVS 0.3827
(3 dpi)
DS vs VB 0.0765
(3 dpi)
DS vs DB 0.0765
(3 dpi)
DS vs VS 0.0765
(4 dpi)
DS vs VB 0.0809
(4 dpi)
DS vs DB 0.0765
(4 dpi)
Table 5.4 P values for statistical analysis ofFM DV between different samples and time points tested 
during acute infection in the soft palate. Cell layers: SV: ventral spinosum, BV: ventral basal, SD: 
dorsal spinosum, BD: dorsal basal. Statistical analysis ofFM DV was carried out. Tests a: Comparing 
epithelia (combined cell layers) at different days, b: Comparing each cell layer during the 4 days o f  
infection. * indicates a statistical difference at 95% confidence interval.
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5.4.4 FMDV RNA detection in soft palate during carrier stage 
Once carriers and non carriers had been determined by probang analysis, the soft 
palate from four carriers and four non carrier animals was tested for the presence of 
FMDV RNA at 28 dpi by LMD. The mixed glands within the soft palate were also 
tested since virus RNA has been detected here using in situ hybridisation (Durand et 
al, unpublished). Detection of FMDV RNA by PCR would confirm the localisation 
ofFMDV within the mixed glands. Approximately 1000 cells from each cell layer 
from the ventral and dorsal surface of the soft palate were isolated and analysed for 
FMDV RNA. Results are shown in (Fig. 5.8).
In the non-carriers, FMDV RNA was detected in the dorsal epithelium of the soft 
palate. No FMDV RNA was detected on the ventral epithelium cell layers, glands or 
the muscle. All samples were positive for 28S rRNA (Fig. 5.8A). In the carriers, only 
the ventral region of the soft palate was available for LMD since the cryosection did 
not contain both regions of the soft palate. Cells from this region of the soft palate, 
alongside the glands and muscle cells were isolated using the LMD microscope. All 
samples were positive for 28S rRNA. Viral RNA was detected in the basal cells from 
the ventral side, glands and muscle cells. No FMDV RNA was detected in the 
spinosum cells from the ventral side (Fig. 5.8B).
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Figure 5.8 Detection FMDV RNA in soft palate fi-om four carrier and four non-carrier animais. A: 
non carrier B: carrier. Cell layers, Y S: ventral spinosum, V B: ventral basai, glands, muscle 
Dorsal epi: dorsal epithelium. Data represent the mean for each sample, tested six times per 
sample. Bars represent standard error o f the mean.
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5.5 Discussion
5.5.1 Distribution and Quantification o f FMDV in the epithelia during 
acute infection
A quantitative analysis illustrated that virus RNA load peaked at 2 dpi within the 
epithelia of the foot (7 -8  logio units) and soft palate (2 -3  logic units). Peak levels 
ofFMDV RNA were detected in the tongue from 1 dpi (7 logic units), probably 
because this tissue was used to inoculate the animals. Clinical signs here occurred 
from one-day post infection and in the foot at two days post infection. Again the 
occurrence of high levels of viral RNA within both foot and tongue appeared to 
correlate with the onset of clinical signs.
5.5.1.1 Kinetics o f virus replication within the cellular layers offoot epithelia.
A low concentration ofFMDV was observed in the stratum comeum and 
granulosum, and the stratum spinosum at 1 dpi. This suggests that FMDV may 
localise near the surface layers of the epithelium but how the virus reached the 
surface cell layers is not clear. As discussed in the previous chapter (Chapter 4), 
FMDV may travel via the blood vessel up the papillae stmctures and infect cell 
layers such as the stratum comeum and granulosum, and stratum spinosum. Such a 
hypothesis could be tested by microdissecting the blood vessel and the epithelial 
cells around the papillae to determine whether FMDV initially travels in from the 
blood vessel and infecting the papillae cells which may lead to lateral spread of 
infection within the epithelium.
In the epithelium of the foot, the highest concentrations ofFMDV were detected 
within the stratum spinosum of lesion sites (7 -8  logio units), with lower levels
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detected in the other cell layers, comeum and granulosum (2 -6  logio units), and 
basal (>6 logio units) during acute infection. High levels ofFMDV RNA have been 
observed with the foot (Brown et ah, 1992, Burrows et al, 1981, Zhang & 
Alexandersen, 2004). With the use of laser microdissection, this study allowed the 
levels ofFMDV RNA to be analysed within cell layers of the epithelium. In some 
cases the differences between the epithelial cell layers were not significantly 
different and some reasons for this have been discussed in the previous chapter. 
Additionally as sample size was small (with only one cow tested per time point) it 
would not have been possible to detect more subtle differences between tissues with 
statistical significance.
High levels ofFMDV RNA were still present after 4 days post infection (lesion) 
with clearance of viral RNA being slow within the cell layers. Consistently high 
levels ofFMDV have been noted previously (Zhang & Alexandersen, 2004) and 
would suggest that these layers may allow efficient replication ofFMDV compared 
to the comeum and granulosum layers. The factors determining this effect are not 
known at this time and would have to be investigated.
5.5.1.2 Kinetics o f virus replication within the cellular layers o f tongue epithelia. 
The primary epithelial site ofFMDV infection within the tongue also could not be 
determined since this was the site of inoculation. The tongue is the tissue of choice 
for experimental inoculation and use of this route allows our data to be compared to 
previous findings. However, if it were desired to detect the site of earliest infection 
in the tongue this would require use of an altemative route of infection e.g. via the 
foot or natural contact with an infected animal.
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Highest levels of viral RNA were detected in the epithelial cells of the tongue lesion 
tissue as early as 1 day post infection; comeum and granulosum (>6 logio units), 
spinosum (>7 logic units) and basal (7 logic units). In previous studies, FMDV has 
been detected in the stratum spinosum, and generally the level ofFMDV in the 
tongue was less than in foot epithelium (Brown et al, 1992, Monaghan et a l,
2005b). Also, highest levels ofFMDV were detected within the stratum spinosum 
compared to other cell layers within the tongue, agreeing with previous findings as 
high levels ofFMDV was also detected by immunostaining within the same cell 
layer (Monaghan et a/., 2005b).
FMDV RNA was still present after 4 days post infection with clearance of viral 
RNA being slower in the lesion cell layers compared to non-lesion layers. Previously 
the clearance level ofFMDV within the tongue (tissue) has been documented (Zhang 
et al, 2004). In general, the levels ofFMDV decreased more quickly in the tongue 
than in the foot (Zhang & Alexandersen, 2004). However, the results shown in this 
study are fi’om cell layers within the tongue epithelium that has not been previously 
investigated. At the moment, no clear explanations can be put forward for the 
differences in clearance ofFMDV for the tongue and other tissues. The level of virus 
decrease may be due to differences between cell layers infected within these tissues, 
host responses or the proliferation and differentiation of the different epithelia.
5.5. LB Kinetics o f virus replication within the cellular layers o f soft palate epithelia. 
FMDV RNA was detected earliest in the spinosum cells of the dorsal surface and 
was consistently present here. This further provides evidence that the dorsal surface 
may be the initial site of infection within the soft palate. The levels of FMDV RNA
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detected in the other cellular layers were; dorsal basal (<2 logio units), and ventral 
spinosum and basal (> 2 log units). Previous studies using other techniques have 
reached a similar conclusion (McVicar & Sutmoller, 1969, Burrows et ah, 1971, 
1981; Zhang & Alexandersen, 2004).
Interestingly, the level ofFMDV RNA detected in the spinosum cells from the 
dorsal surface was consistently high during the course of the infection, whereas 
levels decreased in the spinosum cells of the ventral surface. This suggests the viral 
RNA decrease was slower in the epithelium of dorsal surface of the soft palate than 
in the ventral surface. One study has shown a similar pattem of viral RNA decrease 
between tissue samples of the dorsal and ventral regions of the soft palate tissue 
(Zhang & Alexandersen, 2004), but here the pattem of differential viral decrease was 
observed within the cell layers of the dorsal and ventral surfaces. Such differences in 
viral decrease in the epithelial layers of the dorsal and ventral surfaces of the soft 
palate are of particular significance as the soft palate is considered one of the sites of 
vims persistence. One possible explanation for the difference in viral decrease 
between dorsal and ventral epithelia could be that different immune responses might 
occur between different epithelial cell layers.
5.5.2 Correlation o f viral load with lesions
Results from micro-dissected lesion and non-lesion foot cell layers showed that 
around 10-100 times more viral RNA was detected in lesion cells compared to non­
lesion cells and that FMDV may have cleared earlier in non-lesion cells. The 
difference in the levels ofFMDV in lesion and non-lesion cells microdissected from 
the tongue were similar as to those seen for the foot cell layers, with around 10-100
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times more viral RNA detected in lesion cells. Higher levels ofFMDV RNA have 
been detected from lesion tissues compared to non-lesion tissues such as foot and 
tongue (Zhang & Alexandersen, 2004). Also, immunostaining ofFMDV within foot 
and tongue epithelia has illustrated that stronger signals detected in regions where 
there are lesions areas occur compared to non-lesions areas (Monaghan et ah,
2005b). Such data further suggests a correlation between the level ofFMDV and 
pathology. However, it is noteworthy that consistent levels detected resulted in no 
significant histopathological signs within the epithelia of the soft palate. Currently 
the mechanisms that explain the lack of pathology are unknown, but may be linked 
to the ability of the virus to establish a persistent infection.
5.5.3 Distribution o f 28S ribosomal RNA within the epithelia 
As a cellular marker, 28S ribosomal RNA was used to demonstrate that cellular 
RNA was efficiently extracted during the RNA isolation procedure. Different levels 
of 28S rRNA were detected in cell layers within the epithelia suggesting that the cell 
layers differ in their ribosome content and possibly therefore in their levels of 
activity. Clearly differences were noted between cell layers in the foot and tongue 
where the epithelium is comfied, stratified-squamous epithelia. The level of 28S 
rRNA between the cell layers of the soft palate was relatively similar, suggesting that 
the ribosome content in each of the cell layers was more consistent. Such differences 
in ribosome provision may affect the kinetics and accumulation ofFMDV within the 
epithelia of these tissues.
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5.5.4 Distribution o f FMD V in cattle during persistent infection 
LMD was carried out on sections from cattle killed at 28 days post infection to detect 
FMDV persistence in epithelia of the soft palate. Virus has been found here 
previously (Prato Murphy et al., 1999; Zhang & Kitching, 2000, 2001). However, 
here we attempted to detect and quantify the levels of FMDV RNA in the epithelia 
of the dorsal and ventral soft palate of persistently infected cattle.
In carriers and non-carriers, FMDV RNA was detected in the basal cells of the 
ventral epithelium of the soft palate. In the non-carriers, FMDV RNA was detected 
in the pseudostratified, non-comified epithelium of the dorsal region of the soft 
palate at day 28 post-infection. It may be possible that as the LMD system can allow 
specific cell layers to be isolated and tested for, FMDV RNA may be still be 
persisting within the epithelia of the soft palate. The small level of FMDV RNA 
within the soft palate may go undetected, especially as probang samples and not 
tissues are tested to define the carrier status. Alternatively it may be possible that 
residual viral RNA and not infectious virus was present in non-carriers. For carrier 
an animal, epithelium from the dorsal soft palate was not derived from the 
cryosection, therefore could not be tested for the presence of FMDV RNA. As viral 
RNA was still present in the dorsal epithelium of the soft palate this suggests that 
viral RNA is still persistent in this region due to possibly low level of replication or 
inefficient viral clearance. The reasons for this have already been discussed above.
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Figure 6.1 Flowchart Chapter 6 overview. Diagram illustrates the basic contents o f  Chapter 6.
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6.1 Summary
• Overall the distribution of FMDV RNA in epithelial cell layers was similar in 
both species.
• Higher levels of FMDV RNA were detected in cattle, within lesions on the foot 
and tongue.
• Levels of FMDV RNA in soft palate were similar in both species.
• The spinosum cells of the dorsal surface of the soft palate form the primary site 
of infection in both species, with FMDV RNA consistently detected here.
6.2 Introduction
The sites at which FMDV RNA has been detected have already been described in 
both pigs and cattle. Here the levels of RNA at those sites are compared between 
species. This may indicate potential differences in the extent of virus replication or 
host-sponsored clearance in equivalent tissues of the two species.
6.3 Materials and Methods
6.3.1 Animal Experiments
All the data presented in this chapter have been derived from the samples used and 
described in chapters four and five. Statistical analysis of the data was carried out 
using the Mann-Whitney test to investigate statistical differences. A P value of <0.05 
was considered statistically significant. Several comparisons were performed to 
investigate differences in the levels of FMDV RNA within equivalent tissues, cell 
layers and at set time points during the acute stage of infection.
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6.4 Results
6.4.1 Distribution ofFMDV RNA in foot skin.
At 1 dpi, higher levels ofFMDV RNA were detected in pig cells ( 1 -2  logjo per 
1000 cells or units) than the cattle cells (< 1 logio unit) (Fig. 6.2A) (P = 0.0513). At 
2 dpi, the distribution and level ofFMDV RNA detected in the pigs and cattle 
epithelial cells were similar (Fig. 6.2B). At 3 dpi, a statistical difference in the 
spinosum (P = 0.0142) and basal {P = 0.0430) cells was noted (Fig 6.2C), showing 
that higher levels ofFMDV RNA were detected in the spinosum and basale cells (6 - 
7 logio units) of cattle compared to the equivalent pig cells. Although levels appeared 
to differ between the basal cell layers in cattle and pigs the sample size was too small 
for significance. Lower levels ofFMDV RNA were detected in the comeum and 
granulosum cells of cattle (2 logio units) than in the equivalent pig cells (5 logic 
units) (Fig. 6.2C) (P = 0.1083).
At 4 dpi, a similar trend in the levels ofFMDV RNA between cattle and pig cells 
were observed as higher levels ofFMDV RNA were detected in the cattle epithelial 
cells ( 4 -7  logic units) compared to in the pig cells ( 2 -3  logic units), where a 
statistical difference was observed for the spinosum (P = 0.0256) and basal cells (P = 
0.0282) between cattle and pigs (Fig. 6.2D).
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Figure 6.2 Comparison o f FMDV RNA from epithelial cell layers o f foot skin at different times 
after infection. A; 1 dpi, B: 2 dpi, C: 3 dpi, D: 4 dpi. Cell layers, CG: comeum and granulosum, S: 
spinosum, B: basal. Data represent the mean for each sample at each time point, tested three times 
from one cow and eight times from three separate pigs. Bars represent standard error o f the mean.
When the data was presented with the levels ofFMDV RNA in cell layers over time 
(Fig 6.3) similar distribution patterns ofFMDV RNA were observed for all the 
different cell layers between pigs and cattle over the 4 days post infection. Levels of 
FMDV RNA peak at 2 dpi in all the epithelial cells in both pigs and cattle. At 3 and 
4 dpi, the level ofFMDV RNA detected remained high in cattle spinosum and basal 
cells whereas it decreased in the pig cells. In pigs, the level ofFMDV RNA dropped 
from 3 dpi for all the pig epithelial cell layers. In cattle, the level of FMDV RNA 
dropped at 3 dpi and increased again at 4 dpi for the comeum and granulosum cells. 
As only one cow was tested at each time point it may be possible that the specific 
area where the comeum and granulosum cells were dissected from the tissue block at 
3 dpi may have contained low levels of RNA.
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Levels of FMDV in pigs and cattle foot celi layers
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Figure 6.3 FMDV RNA distributions in epithelial cell layers of foot skin in pigs and cattle 
during acute infection. A: comeum and granulosum cells, B: spinosum cells, C: basal cells. 
Data represent the mean for each sample at each time point, tested three times from one cow 
and eight times from three separate pigs. Bars represent standard error o f the mean.
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Comparison P Value
Epithelia (a)
1 dpi
(Combined cell layers)
0.0513
2 dpi
(Combined cell layers)
0.0224*
3 dpi
(Combined cell layers)
0.2414
4 dpi
(Combined cell layers)
0.0015*
Cell layers during acute infection (b)
CG ( 1 -4  dpi) 0.3787
S (1 - 4  dpi) 0.00496*
B ( 1 - 4  dpi) 0.5371
Individual cell layers (3 & 4 dpi) (c)
CG(3dpi) 0.1083
S (3 dpi) 0.0142*
B (3 dpi) 0.0430*
CG(4dpi) 0.6973
8(4 dpi) 0.0256*
B (4 dpi) 0.0282*
Table 6.1 P values for statistical analysis comparison in levels ofFM DV RNA between pigs and 
cattle samples and time points tested during acute infection in the foot. Epithelial cell layers; CG: 
Comeum & Granulosum, S: Spinosum, B; Basale. Tests a: Comparing epithelia (combined cell 
layere) between different days, b: Comparing each cell layer during the 4 days o f  infection, c: 
Comparing individual cell layers at specific time-points. * indicates a statistical difference at 95% 
confidence interval.
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6.4.2 Distribution ofFMDV RNA in tongue
From 1 - 3  dpi, higher levels ofFMDV were detected in the cattle epithelial cells (5 
-  7 logio units) than in the pig cells (up to 2 logic units) (Fig. 6.4 A-C) {P = 0.0025). 
However, the distribution patterns ofFMDV between the epithelial cell layers were 
similar in both species. At 4 dpi, the distribution patterns ofFMDV detected within 
the epithelial cell layers were similar in both species, but higher levels ofFMDV 
were detected in cattle samples than in pig samples (Fig. 6.4D).
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Figure 6.4 Comparison o f FMDV RNA from epithelial cell layers o f tongue at different times 
after infection. A: 1 dpi, B: 2 dpi, C: 3 dpi, D; 4 dpi. Cell layers, CG: comeum and granulosum, S: 
spinosum, B: basal. Data represent the mean for each sample at each time point, tested three times 
from one cow and eight times from three separate pigs. Bars represent standard error o f the mean.
When the data was presented with the levels ofFMDV RNA in cell layers over time 
(Fig 6.5) specific FMDV RNA patterns were observed for the different cell layers. 
Higher levels ofFMDV were detected in cattle layers than in pig layers.
In pigs, the level ofFMDV RNA peaked at 2 dpi for all the epithelial cell layers. In 
cattle, the level ofFMDV RNA peaked from 1 dpi for the spinosum and basal cells. 
Viral RNA decreased in all the epithelial cells of cattle and pigs during 3 and 4 dpi.
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Levels of FMDV in pigs and cattle tongue epithelial cell layers
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Figure 6.5 FMDV RNA distributions in epithelial ceil layers of tongue in pigs and cattle during 
acute infection. A; comeum and granulosum cells, B: spinosum cells, C: basal cells. Data 
represent the mean for each sample at each time point, tested three times from one cow and 
eight times from three separate pigs. Bars represent standard error o f the mean.
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Comparison P Value
Epithelia (a)
1 dpi
(Combined cell layers)
0.0000*
2 dpi
(Combined cell layers)
0.0001*
3 dpi
(Combined cell layers)
0.0025*
4 dpi
(Combined cell layers)
1.000
Cell layers during acute infection (b)
CG ( 1 -4  dpi) 0.0003*
S ( 1 -4  dpi) 0.0085*
B ( 1 - 4  dpi) 0.0059*
Table 6.2 P values for statistical analysis comparison in levels ofFM DV RNA between pigs and 
cattle samples and time points tested during acute infection in the tongue. Epithelial cell layers; CG; 
Comeum & Granulosum, S: Spinosum, B: Basale. Tests a: Comparing epithelia (combined cell 
layers) between different days, b: Comparing each cell layer during the 4 days o f  infection. * indicates 
a statistical difference at 95% confidence interval
6.4.3 Distribution ofFMDV RNA in soft palate
At 1 dpi FMDV RNA was only detected in the spinosum cells of the dorsal side of 
the soft palate in both species (Fig 6.5A). At days two, three and four post infection, 
the level and distribution pattern ofFMDV was similar in both pigs and cattle (Fig 
6.6B, C, D). However at 3 dpi, no FMDV RNA was detected in the basal cells layers 
on both the ventral and dorsal sides in cattle.
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Figure 6.6 Comparison ofFM DV RNA from epithelial cell layers o f soft at different times after 
infection. A: 1 dpi, B: 2 dpi, C: 3 dpi, D; 4 dpi. Cell layers, S V;, S: spinosum from ventral side, B 
V: basal from ventral side, S D: spinosum from dorsal side, B D: basal from dorsal side Data 
represent the mean for each sample at each time point, tested three times from one cow and eight 
times from three separate pigs. Bars represent standard error o f the mean.
When the data was presented with the levels ofFMDV RNA in cell layers over time 
(Fig 6.7) specific FMDV RNA patterns were observed for all the different cell layers 
over 4 days post infection.
For the spinosum cells of the ventral and dorsal side, FMDV RNA peaked at 2 dpi in 
both cattle and pigs (Fig 6.6A). For both species, the spinosum cells of the dorsal 
side were the sites of initial detection ofFMDV RNA with the levels remaining high 
until 4 dpi (Fig 6.7C).
For the basal cells on the ventral side and dorsal side, initial and peak level of 
FMDV RNA was detected from 2 dpi. In pigs the level of FMDV RNA decreased 
slightly after 3 dpi following a plateau at 4 dpi (ventral side). In the cattle basal cells 
the levels ofFMDV RNA were erratic after 3 and 4 dpi (Fig 6.7B & C).
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Figure 6.7 FMDV RNA distributions in epithelial cell layers o f soft palate in pigs and cattle during 
acute infection. A: Spinosum cells (ventral), B: Basal cells (ventral), C: Spinosum cells (Dorsal), D: 
Basal cells (Dorsal). Data represent the mean for each sample at each time point, tested three times 
from one cow and eight times fi’om three separate pigs. Bars represent standard error o f the mean.
Comparison P Value
Epithelia (a)
1 dpi
(Combined cell layers)
0.9114
2 dpi
(Combined cell layers)
0.1438
3 dpi
(Combined cell layers)
0.0320*
4 dpi
(Combined cell layers)
0.3036
Cell layers during acute infection (b)
SV ( 1 - 4  dpi) 0.1646
BV ( 1 - 4  dpi) 1.0000
SD ( 1 - 4  dpi) 0.7219
B 0 ( 1 - 4  dpi) 0.2546
Table 6.3 P values for statistical analysis comparison in levels ofFM DV RNA between pigs and 
cattle samples and time points tested during acute infection in the soft palate. Epithelial cell layers; S 
V:, S: spinosum from ventral side, B V: basal from ventral side, S D; spinosum from dorsal side, B D: 
basal from dorsal side Tests a: Comparing epithelia (combined cell layers) between different days, b: 
Comparing each cell layer during the 4 days o f infection. * indicates a statistical difference at 95% 
confidence interval.
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6.5 Discussion
The objective of this study was to compare the levels ofFMDV in the equivalent 
epithelial cell layers within the foot, tongue and soft palate of infected pigs and 
cattle. Levels ofFMDV were analysed to compare the quantitative distribution 
patterns and kinetics ofFMDV infection in the epithelia of both pigs and cattle.
6.5.1 Comparative analysis ofFMDV RNA in bovine and porcine foot epithelia 
In the foot, higher levels of FMDV RNA were detected in cattle epithelium than in 
the epithelium of pigs. Within the epithelia, the highest levels of FMDV were 
detected in the stratum spinosum and stratum basale of cattle, whereas in pigs viral 
RNA was detected at lower levels but was present in each of the cell layers during 
the course of infection. In pigs the levels of RNA reached a peak and then declined; 
in cattle levels detected in spinosum and basal cells up to 4 dpi ( 1 - 5  logio unit 
difference). Such consistent levels of FMDV RNA in the foot epithelium in cattle 
suggests that the cell layers can accommodate significant level of virus localisation, 
and that this may allow prolonged replication in these cellular layers than those in 
pigs. Such differences in the distribution and localisation of virus RNA in the foot 
epithelia of cattle and pigs have not been observed previously. However, further 
work is needed to examine possible reasons underlying this difference between the 
species. Previously higher levels of FMDV have always been detected in pigs 
compared to cattle. The work carried out in this study suggests that cattle samples 
have been mainly derived fi*om tissue sections that contained lesion sites. Important 
to note is that the comparisons made here involve only one cow tested at each time 
point compared to three pigs, so there is a differences in the number of samples
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tested depending on the species. Also, for the pig cells, the data derived from 
samples include both lesion and non-lesion that could reduce the general level of 
FMDV RNA detected than that of the cattle cells that were sampled from lesion 
areas only. However, it is important to note that for both sets of species, the results 
generated suggest that the overall distribution of FMDV infection within the 
equivalent cellular layers of the foot epithelia is not significantly different. This 
suggests that the spread of the infection throughout the foot epithelium targets the 
equivalent cellular layers and would involve similar kinetics for the replication and 
accumulation ofFMDV in both species.
6.5.2 Comparative analysis ofFMDV RNA in bovine and porcine tongue epithelia 
In the tongue epithelia, higher levels of FMDV RNA were detected in the various 
cell layers from cattle than in the equivalent pig cell layers. This may be due to the 
lingual inoculation of FMDV performed in cows but not in pigs; this also would 
imply that levels detected here might not accurately reflect the levels of FMDV 
within naturally infected animals. However, it is still interesting to observe that 
during the course of acute infection (excluding 1 day post infection), the distribution 
of FMDV RNA within the cell layers of the epithelium were similar for both pigs 
and cattle. Clearly this would again suggest the spread of the infection throughout 
the tongue epithelium involves the equivalent cellular layers and proceeds with 
similar kinetics in both species.
After peak amounts of FMDV were reached during 2 days post infection, the extent 
of viral RNA decrease between pigs and cattle was not significantly different. The 
extent of viral RNA decrease within cattle and pigs cell layers may also be due to
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similar cellular mechanisms such as different host responses, virus stability or cell 
proliferation or differentiation rates for each of the equivalent cellular layers. Clearly 
the reasons for these will have to be investigated, as this may provide an insight into 
the mechanisms that can efficiently clear infection and therefore are of particular 
interest.
6.5.S Comparative analysis o f FMDV RNA in bovine and porcine soft palate 
epithelia
Infection appeared in the soft palate at one dpi. The first cells affected were the 
spinosum cells fi"om the dorsal side. At this time level were similar in both pigs (<1 
logio unit), and cattle (1 logic unit). This would suggest that this particular cell layer 
might comprise the primary site of FMDV infection, in both pigs and cattle. Peak 
levels ofFMDV RNA were also detected in the spinosum cells of the dorsal side for 
both pigs and cattle (2 — 3 logic units), but decreased in the spinosum cells of the 
ventral surface. It was noted that the extent of viral decrease was similar for the 
spinosum cells on the ventral side of the soft palate in both pigs and cattle. The 
decrease in viral RNA in the basal cells of both ventral and dorsal side could not be 
observed accurately as the level ofFMDV RNA detected were close to our assay’s 
detection limit. More sensitive techniques would be needed to investigate the levels 
of FMDV in these cells. However, the decrease in viral RNA was slower in 
spinosum cells from the dorsal surface than the ventral surface for both pigs and 
cattle, suggesting that is particular cell layer or epithelium (which is non-comified) 
supports FMDV infection for longer. At present the reasons for this are not known. 
The findings are of particular significance as FMDV can establish a persistent
177
Comparative analysis ofFMDV RNA distribution in pigs and cattle Chapter 6
infection within the soft palate of cattle but not in pigs. Clearly further studies are 
needed to investigate why pigs may not be persistently infected.
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This study has described for the first time the use of laser microdissection (LMD) in 
association with real-time qRT-PCR to detect and quantify FMDV RNA in specific 
histological cell layers in tissue sections. The study determined the sites at which 
virus RNA was first localised and the levels of RNA attained in the foot, tongue and 
soft palate.
7.1 Development o f Laser Microdissection with qRT-PCR to detect
Foot-and-Mouth disease virus in tissue sections.
Conventional approaches to virus load determination use homogenates fi'om whole- 
tissue samples, which contain different cell populations. Applications of qRT-PCR 
to such samples produces an average value of virus load across the different cell 
layers sampled. In contrast LMD allows relative pure cell types/layers/tissues to be 
sampled for analysis by downstream molecular techniques. LMD has not been used 
previously to detect viral RNA in animal tissues, therefore methods were developed 
for the combined use of LMD and real-time quantitative RT-PCR. This involved 
testing the compatibility of different tissue staining methods and RNA isolation 
techniques in order to obtain amplifiable RNA firom small samples. The most 
important features of this process were precision, isolation of specific cell samples, 
and the efficiency of the procedure for RNA extraction. LMD is now considered a 
standard technology which allows a rapid sample procurement by efficiently 
isolating morphologically distinct cells based on proximity.
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Higher levels of RNA were recovered from frozen tissues and thus all experiments in 
this thesis used frozen tissues. However, the absence of cover slips meant that the 
quality of the microscopy was sub-optimal. This was improved by treating the 
samples with buffered sucrose. Sample preparation also had a bearing on RNA 
recovery. When fixatives were used, RNA recovery was greater from tissues fixed 
with ethanol acetic acid than from those fixed with formalin. FMDV RNA could also 
be detected in paraffin-embedded tissues which suggest that this method may be 
appropriate for LMD sampling as well. These treatments produce stable samples in 
which morphological preservation is better than in frozen sections and raise the 
possibility that ethanol acetic-acid-fixed paraffin sections could be used to establish 
an archive library of samples.
Most of the tissue sections used in this study were stained with hematoxylin and 
eosin to distinguish the cellular layers of the epithelium. However, infected and non­
infected cells were not readily distinguished in this way. Therefore, the selection of 
the target area for LMD was initially difficult. Histopathology was used as a guide in 
epithelia from the foot and tongue, whilst in other regions such as the soft palate, 
where vesicular formation did not take place, target selection remained difficult. In 
the future specific immunolabeling technologies could be developed as a means to 
improve targeting without compromising LMD and subsequent RNA extractions. In 
this regard, it is promising that several groups have developed rapid staining 
protocols (<30 min) by increasing antibody concentration and drastically shortening 
the incubation times (Burbach et ai., 2004, Mojsilovic-Petrovic, et ah, 2004). 
Burbach et al., (2004), developed a rapid immunoflouresence protocol to stain 
astrocytes in brain sections with glial fibrillary acidic protein (GFAP) antibody as
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primary and an Alexa 568 secondary antibody to identify astrocytes for LMD and 
subsequent RT-PCR analysis. Another study showed that RT-PCR was compatible 
with a staining protocol for vessels using fluorescein-tagged lectins. RNA could be 
obtained from only a few hundred microdissected brain vessels (Mojsilovic-Petrovic, 
et ah, 2004). Such approaches might be developed for application to FMDV infected 
tissue to help distinguish and isolate different cell layers or infected cells.
Two different cellular RNA markers, (GAPDH mRNA and 18S/28S ribosomal 
RNA) were tested as markers to demonstrate that total RNA was being extracted 
during the RNA isolation procedure. Different RNA isolation kits were compared. In 
the first kit, (MagNA Pure LC RNA Isolation Kit II: Roche, UK), RNA was 
extracted by the MagNA Pure LC robot instrument. However, this resulted in poor 
recovery and the RNA concentration was too low to be consistently detected from 
LMD samples. The kit also required a comparatively large quantity of tissue (8 -  12 
mg minimum). The second kit tested, (Cells to cDNA kit H: Ambion, UK) allowed 
cDNA to be produced without specifically isolating the RNA. This kit resulted in 
higher recoveries than the MagNA Pure kit, and RNA could be detected from as few 
as 50-100 cells. However, yields from samples of this size were not consistent and it 
was therefore concluded that the kit was not appropriate for combination with LMD.
The final RNA method tested, (RNeasy Micro Kit: Qiagen, UK), was a spin-column 
method designed to isolate RNA from samples containing few cells. This extraction 
method led to consistent detection of FMDV RNA. Eighteen (18S) rRNA was found 
to be a good marker of RNA recovery even after infection. The final volume of RNA 
eluted could be as little as lOpl, which could all be used directly for reverse
18 2
transcription. Researchers from other groups have also favoured spin-column 
methods such as the RNeasy Micro kit (Qiagen, UK) to recover RNA from LMD 
samples (Burgess & McFarland, 2002, Pinzani et a/., 2006). Another facet of
optimisation could be use of a one-step RT-PCR assay to test the RNA extracted. 
This method for amplification of RNA has been extensively used by several groups 
(Klur et al., 2004, Wu et al., 2006, Murphy et ah, 2005, Coco et ah, 2005, Schlomm 
et a/., 2005, Katsuta et a/., 2005) in order to combine LMD with microarray analysis. 
Improved RNA amplification systems are now emerging as a method to compensate 
for very small sample sizes, and prepare amplified cDNA from total RNA for gene 
expression analysis. Moreover, highly sensitive RNA amplification would be useful 
also to detect virus RNA present at levels below those usually found in lytic 
infection, e.g. in persistently infected animals.
The variations in ribosomal RNA content we observed between epithelial cells of 
different tissues rendered ribosomal RNA quantification ^propriate for use as an 
indicator of the number of cells recovered by LMD. However, the pattern of RNA 
recovery fiiom different epithelial layers was consistent supporting the idea that 
relatively pure cell populations (of differing RNA content) were being sampled 
rather than a random variation in recovery efficiency. It may be possible that other 
markers that are more uniformly expressed within the difkrent cell layers may be 
more suitable for this type of quantitative analysis. However, new software 
programmes for guiding the LMD process are emerging; these have the ability to 
discriminate between different cell layers and provide more accurate control of 
sample sizes. The recent Leica LMD software allows estimation of the numbers of 
cells microdissected by specifying the average diameters of cells within each layer.
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Once a particular cell type’s diameter has been defined, the software calculates the 
approximate cell number within the area identified for micro-dissection. The 
accurate measurement of sample sizes is of particular importance especially where 
the levels of RNA are investigated fi’om single-cell samples.
LMD can now be used to determine or verify whether a gene of interest has a cell- 
specific expression pattern. Methods have now been developed for the high- 
throughput identification of differentially expressed transcripts and applied to LMD 
derived RNA. This includes: transcript sampling by sequencing cDNA libraries 
(Asano et ah, 2002) or SAGE (serial analysis of gene expression) libraries 
(Heidenblut et ah, 2004), hybridisation to microarrays (Schnable et ah, 2004), and 
various forms of transcript amplification and imaging (von Stein et ah, 1997, 
Shimkets et ah, 1999, Ali et ah, 2001, O’ Hara et ah, 2005). These technologies can 
be used to identify genes involved in specific biological processes and can also help 
identify tissue, cell or stage-specific promoters. Clearly they would also be useful to 
investigate potential host cell effects restricting virus replication to some cell layers.
Within a few years of the invention of laser capture microscopy (Emmert-Buck et 
ah, 1996), LMD has become a reliable and popular tool for analysing defined cell- 
groups firom tissue sections. It is now increasingly recognised that to obtain 
interpretable results fi^ om tissues, the complexity of the tissue has to be reduced by 
analysing only the relevant cell groups (layers) in of a tissue section rather than 
taking a whole tissue approach. This is particularly true for transcription profiling 
technologies, where thousands of genes can be analysed simultaneously using 
microarray hybridisation of RNA.
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7.2 Distribution and quantitation o f  FMDV RNA in the cell layers 
from epithelia o f  pigs and cattle 
These experiments, for the first time, describe the quantitative analysis of FMDV 
RNA within cellular layers in infected animals during acute infection. Results fi*om 
this thesis were in agreement with previous semiquantitative studies; all of which 
reported that the highest levels of FMDV RNA were present in the foot, followed by 
tongue and lowest in the soft palate (Brown et ah, 1992 & 1995, Alexandersen et ah, 
2001 & 2003, Zhang & Alexandersen et ah, 2004). However, LMD has extended 
these data to show that the highest levels of viral RNA were detected in particular 
cell layers within the foot, tongue and the soft palate epithelia. This suggests that the 
target cells for FMDV infection were similar in each of these tissues. The study 
further revealed the relative levels in different layers, firom each tissue and in each 
host, which was one of the objectives of this thesis.
7.2.1 Spread ofFMDV infection in the foot and tongue epithelia.
In the epithelia of the foot, the highest levels of FMDV were observed in the stratum 
spinosum and stratum basale, whilst in the tongue, the highest concentration of 
FMDV RNA was detected in the stratum spinosum. No significant difference in 
virus load was noted between cell layers in most samples, possibly because tissues 
were sectioned from regions showing lesions. In these areas tissue structure may be 
breaking down and the relatively high levels of virus may thus be able to spread 
more freely between layers, even though it may not have replicated evenly in all. 
Another possibility is that the number of animals and samples tested may not have 
been sufficient to determine the significance of differences in the different epithelial
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cells within each of the tissues. Also, it may not be possible to demonstrate such 
effects in the epithelia of the foot and tongue because these are stratified squamous 
epithelia, which are formed of a gradient of heterogeneous cell types rather than by 
layem of distinctly different, histologically defined cell types. The levels of FMDV 
RNA detected at different points within the stratified layers may not be significantly 
different. However, the levels of viral RNA detected between surface layers (stratum 
comeum and granulosum) and basilar layers (stratum spinosum and basale) did 
illustrate significant differences, suggesting that most of the FMDV accumulation 
would be within cell layers near the base of the epithelia rather than at the surface. It 
may be possible that much of FMDV is replicated in the basilar layers and acting as 
a source which leads infection to spread out unilaterally into the rest of the cell 
layers to the surface of the epithelia.
Our interpretations of the data presented in this study suggest that the site(s) of 
infection in the epithelium of the foot are the stratum basale and stratum spinosum. 
The virus replicates in these cells (Durand et ah, unpublished) and then spreads to 
the above cell layers. Once the virus replicates, vesicular lesions form resulting firom 
cell death. As more cells become infected the lesion becomes more extensive, thus 
allowing virus to reach the surface cell layers (stratum granulosum and stratum 
comeum). An additional route by which the viras may reach the surface epithelial 
cells is via the blood capillaries that are within the papillary structures. The reasons 
for the accumulation of FMDV within the base of the epithelium are not known. It 
may be possible that cellular differences in proliferation and differentiation, such as 
cell maturation, cellular organelles, especially in the basilar layers may affect the
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efficiency of FMDV replication. Clearly cellular responses and virus-cellular 
interactions will have to be forther characterised.
A high concentration of FMDV RNA was observed in the stratum comeum and 
granulosum (2 logio units) in the tongue (pigs) at day one post infection, suggesting 
that FMDV can localise near to the surface layers of the epithelium at this site. As 
speculated in a previous chapter, localisation of FMDV may be due to vims being 
transported to the capillary (via bloodsteam) where it infects the epithelial cells 
lin in g  the papillae which leads to unilateral spread of infection within the epithelium. 
Additionally, aerosol shed virus or FMDV within the saliva, originating from 
possibly the pharyngeal region may localise to the surface cell layers of the tongue. 
Once localisation here, FMDV may penetrate into and distribute throughout the 
epithelium, allowing infection to spread. Such hypothesis would require fiirther 
investigation to identify the source of infection in the tongue.
7.2.2 Spread ofFMDV infection in the epithelia o f the soft palate 
In the soft palate, the highest levels of FMDV were detected in the spinosum cells of 
the dorsal region in both pigs and cattle. Here, the levels of FMDV RNA within the 
epithelium were generally less than those detected in the foot and tongue, as reported 
before (McVicar & Sutmoller, 1969, Burrows et ah, 1971,1981; Alexandersen et ah, 
2001; Zhang & Alexandersen, 2004). Previous studies have consistently speculated 
that the dorsal surface of the soft palate may be involved as the primary site of 
infection within the soft palate in cattle (Burrows et ah, 1981, Prato Murphy et ah, 
1994,1999; Zhang & Kitching, 2001, Zhang & Alexandersen, 2004). Data presented 
in this thesis support this hypothesis and FMDV RNA was detected first in the
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spinosum cells from the dorsal surface of the soft palate even at day one post 
infection in both pigs and cattle. This would suggest that the primary site of infection 
may be similar in both cattle and pigs. Furthermore, high levels of FMDV were 
consistently detected in these cells, whilst the level decreased in the other epithelial 
cell layers of the soft palate in both species. This has not been described previously 
and therefore raises questions as to why virus should behave differently in these 
cells; this may be due to either virus or perh^>s more likely host activities that limit 
virus replication in, or promote clearance from, some cells more than others. These 
factors may be related to the establishment of persistent in&ction in the cell layers of 
the dorsal surface in cattle but not in pigs (Burrows ef a/., 1971, McVicar & 
Sutmoller, 1969, Prato Murphy ef a/., 1994,1999; Zhang & Kitching, 2001; Zhang 
& Alexandersen, 2004).
Immunostaining has revealed inconsistent or undetectable levels of the FMDV 
receptor (integrin avgb) and of FMDV in soft palate epithelium (Monaghan ef a/., 
2005). Despite this reported lack of virus receptor, the work carried out in this thesis 
has shown that FMDV RNA can be detected in both the dorsal and ventral epithelia 
of the soft palate. This raises a questionmark over the presence of virus since the 
conventional receptor, integrin ovgb is low or absent (Monaghan e/ a/., 2005b). 
However, these tissues are not the same as the epithelia of the foot; dorsal surface of 
the soft palate in particular differs significantly as the epithelium here is non- 
comified, and it is thus possible that the virus is able to use a different receptor in 
order to infect these tissue types.
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7. ^  CoTT^raffve ofzjf/rzZwffoM q/^fMDF ZM/ecffoM m ca/f/e w%f
Overall the distribution of FMDV RNA in epithelial cell layers of the different 
tissues were similar in both species, further suggesting that the target cells of FMDV 
infection are similar in both hosts.. Higher levels of FMDV were maintained in the 
frx)t cell layers of cattle compared to those of the pig. A similar pattern was also 
observed in tongue epithelia, especially at lesion sites; viral RNA detected in the 
tongue was also higher in cattle than in pigs but this was probably due to inoculation 
that had been performed at this site. FMDV RNA was detected in the spinosum cells 
in the dorsal sur&ce of the soft palate as early as one dpi fr>r both cattle and pigs, 
suggesting that this particular cell layer may be the primary site of FMDV infection, 
in both species. Similar levels of virus RNA were detected throughout these cells for 
both pigs and cattle during the course of acute inaction.
7. ^  DÿÿgrgM/Mz/ c/gwaMce ÆAfDF m ce// Zqyerf.
Studies have shown that the rate of clearance was largely independent of the level of 
viral RNA, and that viral RNA cleared faster in the skin and tongue than pharyngeal 
tissues such as the soft palate (Zhang & Alexandersen, 2004). The findings in this 
study echo those of others who showed that levels of virus RNA (Zhang & 
Alexandersen, 2004) and protein (Monaghan et of., 2005) tended to remain higher in 
the foot than in the tongue. Also, this is the first study to show a difkrence in the 
rate of reduction of virus RNA both between cell layers and between host species. 
Here, differences in viral RNA reduction were noted for all the tissues; the decline in 
level of viral RNA in the cell layers of the foot was observed to be slower than that 
in cell layers from the tongue and soft palate (excluding the dorsal soft palate). High
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levels of FMDV RNA were still present after 4 days post inkction in cattle (lesion) 
whereas they dropped in the pig fbot-layers suggesting that replication may be 
maintained kr a longer period in these tissues in cattle than in pigs. In tongue (pig), 
the level of viral decline as the inkction subsides, was slower in the stratum 
spinosum compared to the stratum comeum and granulosum, and stratum basale 
suggesting that these cell layers are relatively efficient for FMDV replication 
compared to other layers. A possible approach to detect the level of viral RNA 
replication within these cell layers would be to microdissect the specific layers of 
interest and then carry out a real-time sense-specific RT-PCR (Horsington & Zhang, 
2007), which would allow the detection of the virus negative strand template to 
identify those cells that are involved in virus replication.
In the soft palate, the decrease of viral RNA was slower in spinosum cells fiom the 
dorsal surkce than on the ventral surface. FMDV RNA was detected in all the 
epithelial cell layers of the soft palate. However, the decrease of viral RNA in the 
basal cells of both ventral and dorsal surfaces could not be accurately defined as the 
level of FMDV RNA detected (especially in the cattle cells at 3 and 4 days post 
inkction) was very low. This may be a result of FMDV not spreading evenly 
throughout the epithelium. In support of this latter hypothesis, one study has already 
observed that viral RNA was not evident in all regions of the epithelia of the soft 
palate (Prato Murphy e/ a/., 1999). Consequently, the virus may be concentrated in 
certain parts of the tissue rather than others, resulting in an inconsistent or patchy 
distribution, thus limiting any suggestions in the spread of infection here. Further 
studies are needed to clarify the spread of viral infection within the epithelia of these 
tissues and further develop the model of the infectious cycle within this region.
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Following invasion of a tissue by a virus it is normal to anticipate a rise in virus 
RNA levels followed by a reduction as the inkction is cleared. However, the factors 
that are involved and whether that reduction results in virus elimination are not fully 
understood. Coxsackievirus B3 virus, another member of the R/camav/r/düe is 
rapidly but incompletely cleared from the myocardium following the acute phase of 
virus replication (Reetoo c/ a/., 2000), suggesting a link between the failure of 
clearance and establishment of persistent infection. With regards to FMDV, it would 
be interesting to investigate the host immune responses induced in those tissues 
where virus persists, e.g. the epithelial cell layers of the soft palate, especially within 
the spinosum and basal cells of the dorsal surface. This might be done by carrying 
out cytokine-specific qRT-PCR reactions or using cytokine specific microarray 
experiments. Such findings may help define mechanisms that allow persistence to 
occur in some species and not others, and improve our ^ proaches to control and 
develop prevention measures of FMDV infection by identifying what specific/non­
specific responses lead to the clearance of infection.
7. J aW /Ae /a/e pAayg q/^
A single study has claimed the detection of persistent FMDV inkction in pigs 
(Mezencio cf a/., 1999), and there is also a hypothesis that FMDV may infect pig 
alveolar macrophages (Baxt & Mason, 1995). In this report, preliminary experiments 
sought evidence for FMDV persistence in the mandibular lymph node, soft palate 
and tonsil in pigs killed at 28 days post infection. Similar experiments were 
conducted on the soft palate of cattle of known carrier/non-carrier status. In pigs.
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virus RNA could not be detected in many of the sanq>les tested. However, an 
extremely low level was kund in the tonsil. This we believe was probably residual 
viral RNA that has not completely cleared and is probably not associated with live 
virus persistence. Consequently this aspect requires reinvestigation.
In the cattle, FMDV was detected in the basal cells of the ventral epithelium and 
mixed glands of the soft palate of carriers. In the non-carriers, FMDV RNA was only 
detected in the dorsal region of the soft palate at day 28 post infection. As viral RNA 
was also detected in the glands of carriers it is tempting to speculate that these mixed 
glands within the soft palate may be potential sites kr FMDV persistence. Such a 
hypothesis will clearly require further investigation, as this would imply that virus 
persists outside the squamous epithelium. As in the experiments above only a low 
level of FMDV RNA was detected, and it may be possible that 1000 cells subjected 
to the current procedures are not sufficient to allow accurate quantification of FMDV 
fiom persistently infected samples. A higher number of cells isolated and combined 
with the use of a more sensitive assay may allow better detection of FMDV during 
fiom persistent animals. Mixed glands are the secretory adenomeres of the salivary 
gland, which are a mix of serous and mucous components (Eurell, 2006). 
Additionally, the detection of FMDV RNA in the mixed glands was confirmed, 
suggesting that FMDV can localise within these sites that were previously observed 
by in ff/w hybridisation (Durand cZ a/., unpublished). Clearly further experiments are 
required to be carried out to characterise possible localisation of FMDV during 
persistence.
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7.6 Histopathological changes correlate with viral load within the 
epithelia o f  pigs and cattle
The time-course studies showed that the appearance of vesicular lesions was 
coincident with the peak level of viraemia and high concentrations of virus in the 
tissues where clinical lesions occurred. The co-incidence between the onset of 
clinical signs and peak levels of virus. RNA has also been shown using serum, saliva 
and nasal swabs (Alexandersen et ah, 2003a) and thus was to be expected. However, 
this study has also shown that the highest levels of FMDV RNA occurred in lesion 
areas, providing further evidence while accomplishing one of our goals, to show that 
there is a correlation with the level of FMDV and the formation of vesicles within 
both cattle and pigs.
Whether the level of viral load is the sole contributor to vesicle formation is not 
clear. For most of the sections, the lesions and vesicles in the foot and tongue 
seemed to appear within the stratum spinosum, as previously observed by Yilma 
(1980). However, some studies have shown that the level of virus may not always be 
directly related to the presence of lesions whether macroscopic or microscopic 
(Brown et ah, 1992 & 1995, Alexandersen et ah, 2001). We and others have found 
that in a few cases, high titres of FMDV and/or viral RNA can be detected in 
epithelium of normal appearance (Gailunais, 1968, Brown et ah, 1992, & 1995, 
Alexandersen et ah, 2001). Some data presented in this study have suggested that the 
presence of relatively large amounts of FMDV RNA in the skin and tongue do not 
necessarily result in the formation of lesions in the respective body sites of infected 
animals. Such findings suggest that the level of FMDV may not be the sole
193
General Discussion Chapter 7
determining factor and additional factors may be required for the formation of 
lesions. Other factors contributing to vesicle formation may be local host-cell 
responses, cell proliferation and differentiation. It is possible that the innate immune 
response, producing anitiviral and proinflammatory cytokines may influence the 
development of lesions and hence have an effect on the severity of disease. This can 
be investigated by carrying out cytokine specific PCR or immunostaining of tissues 
sections. Such work would distinguish hot responses in lesion and non-lesion sites. 
Other factors such as cell proliferation and differentiation are discussed further on in 
this section. Another hypothesis is that new virus particles may not always require 
cell lysis for their release. Cytoplasmic protrusions or “blebs” have been seen in 
bovine and pig kidney cells infected with FMDV. Cell culture studies have also 
shown pre-lytic release of virus antigen and RNA containing blebs budding at the 
periphery of the cytoplasm (Yilma, 1978, Donn et al, 1995). Alterations in cellular 
membranes resulting in formation of cytoplasmic blebs have been previously 
observed in cultures with polio (Reissig c/a/., 1956, Dunnebacke c/a/., 1969). 
Alexandersen et ah, (2003) have also hypothesised that scattered individual cells 
may become infected from virus in the circulation and that such cells may release 
virus back to the circulation rather than developing into lesions. Vesicle formation 
could also be favoured at sites of trauma or intense physical stress. This type of 
damage could lead to increased lateral or local spread (Platt, 1961), producing larger 
foci of infection which, together with a physical separation of damaged tissue, leads 
to formation of vesicles.
No significant histopathological changes have been observed within the soft palate 
during acute infection (Alexandersen et ah, 2001 & 2002; Salt, 1993 & 1998). The
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levels of FMDV RNA were less than those detected in the kot and tongue, further 
suggesting that viral load may contribute to vesicle krmation. However, one 
important note is that the epithelium on the dorsal region of the soft palate is 
pseudostratified and non-comified, which is differs from the stratified squamous 
epithelia found on the foot and tongue. FMDV usually results in cytolytic infection 
in the ftx)t and tongue, but the presence of FMDV in the soft palate is not associated 
with cytopathic effects. This might result from a change in the infectious process 
such as that the virus does not cause lysis in these areas, or from cytopathic effects 
that are very limited in extent and do not manifest as lesions or possibly that the 
structure of these tissues (or the host response within them) does not permit lesion 
development. These suggestions are not mutually exclusive and features of all three 
may be involved. Some evidence kr one of these possibilities has been derived from 
a study of Chlamydia trachomatis infection of different epithelia of the genital tract. 
Maxion & Kelly, (2002) kund a stronger Thl immune response in the ciliated 
columnar epithelia of murine oviduct (upper genital tract) than in the squamous 
epithelia of the cervical-vaginal (lower genital tract) tissues. Other studies using this 
system suggest that epithelial cells can play a central role in directing the immune 
responses (Rasmussen, gt a/., 1997), and that the epithelial cells at specific sites 
respond differently to infection (Wyrick eZ a/., 1999). Similar factors may be 
operating at the dorsal and ventral epithelia that may have differential immune 
responses and may differ in the recruitment of specific immune cells to combat the 
infection. Another possible explanation kr the lack of vesicle krmation within this 
tissue may be because different epithelia contain cells that replicate and differentiate 
at different rates. Gibbs & Ponec, (2000) have shown that the rate of proliferation in 
oral epithelia was greater than in the epidermis, and this was illustrated by the larger
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number of living cell layers and the higher number of cells stained with Ki67, a 
proliferation marker. The epithelium of the buccal mucosa resembles that of the soft 
palate, which is non-keratinised. Thus if  it is assumed that the proliferation and 
differentiation of the epithelia of the soft palate proceeds similarly to that in the 
buccal mucosa, it can be speculated that virus-infected cells may slough off the 
surface of the non-keratinised soft palate due to their rapid regeneration rate. This 
method for removal of the infected cells could act to limit the level and spread of 
FMDV infection within this tissue.
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7.7 Conclusions
• The use of laser micro dissection combined with real-time quantitative RT-PCR 
allowed the studies to focus on the cell layers of the foot, tongue and soft palate 
to quantify FMDV RNA.
• The highest amount of FMDV RNA was present in the foot and the lowest 
amount was present in the soft palate.
• Data fi*om this thesis suggest that higher levels of FMDV RNA were detected in 
similar cell layers within the foot, tongue and the soft palate epithelia; stratum 
spinosum and basale (Foot), stratum spinosum (tongue and soft palate).
• Consistent detection of high levels of FMDV RNA in the stratum spinosum and 
basale suggests that replication is most efficient in these layers.
• For both pigs and cattle the primary cell layer of infection within the soft palate 
was suggested to be the spinosum layer within the dorsal surface.
• FMDV RNA levels remained in the dorsal surface of the soft palate whereas 
levels dropped on the ventral surface for both species.
• Clinical signs seemed to correlate with viral load in most cases as high levels of 
FMDV RNA were detected in most lesion sites compared to non-lesions sites.
197
References <Sc Appendix
References
And
Appendix
198
8.1 References
Alexandersen, S., Oleksiewicz, M. B. and Donaldson, A. I. (2001). The early 
pathogenesis of foot-and-mouth disease in pigs infected by contact: a quantitative 
time-course study using TaqMan RT-PCR. JGen Tiro/, 82, 747-755.
Alexandersen, S, Brotherhood, I. and Donaldson, A. I. (2002a). Natural aerosol 
transmission of foot-and-mouth disease virus to pigs: minimal infectious dose for 
strain 01 Lausanne. 128,301-312
Alexandersen, S., Zhang, Z. and Donaldson, A. I. (2002b). Aspects o f the 
persistence o f foot-and-mouth disease virus in animals-the carrier problem. Microbes 
4,1099-1110
Alexandersen, S., Zhang, Z., Reid, S.M., Hutchings, G.H., Donaldson, A.I.
(2002). Quantities o f infectious virus and viral RNA recovered from sheep and cattle 
experimentally infected with foot-and-mouth disease virus O UK 2001../ Gen Pzro/., 
83:1915-1923
Alexandersen & Donaldson, (2002). Further studies to quantify the dose o f  natural 
aerosols of foot-and-mouth disease virus for pigs. 128:
313-323.
Alexandersen, S., Quan, M., Murphy, C., Knight, J. and Zhang, Z. (2003a). 
Studies of quantitative parameters of virus excretion and transmission in pigs and 
cattle experimentally infected with kot-and-mouth disease virus. J  Comp Rot/zo/, 129, 
268-282
Alexandersen, S., Zhang, Z., Donaldson, A. I. and Garland, A. J. (2003b). The 
pathogenesis and diagnosis of foot-and-mouth disease. J  Cony RotW, 129,1-36
Ali, M., Markham A.F., Issaes, J.D. (2001). Application o f different display to 
immunological research. J  frzznzzzzzo/ Akf/zo^k, 250: 29-43.
A ram buru, H.G., (1949). A comparison o f different methods o f inoculating guinea- 
pigs with the virus of kot-and-mouth disease. J Cony Rot/zo/, 59: 42-47.
Argos, P., Kamer, G., Nicklin, M.J., Wimmer, E., (1984). Similarity in gene 
organization and homology between proteins of animal picomaviruses and a plant 
comovirus suggest common ancestry of these virus kmilies. Mzc/gzc yfczùk Rg&, 
12:7251-67
Asano, T., Masumra, T., Kusano, H., KIkuchi, S., Kurita, A., Shimada, H. 
Kodowaki, K. (2002). Construction of a specialized cDNA library from plant cells 
isolated by laser capture microdissection toward comprehensive analysis of the genes 
expressed in the rice phloem. R/wzt J., 32: 401-408.
199
Barco, A , Carrasco, L (1995). A human virus protein, poliovirus protein 2BC, 
induces membrane proliferation and blocks the exocytic pathway in the yeast 
Saccharomyces cerevisiae. EAfBG./ 14: 3349-3364.
Banerjee, R., Echeverri, A., Dasgupta, A. (1997). Poliovirus-encoded 2C 
polypeptide specifically binds to the 3-terminal sequences of viral negative-strand 
RNA. J  Ffro/., 71: 9570-9578.
Barnett P.V. & Cox S.J. (1999). The role of small ruminants in the epidemiology 
and transmission of foot-and-mouth disease. Pet J., 158: 6-13.
Barton, D.J., O’Donnell, B.J., Flanegan, J.B. (2001). 5' cloverleaf in poliovirus 
RNA is a cis-acting replication element required for negative-strand synthesis. EMBO 
y., 20:1439-1448
Baxt, B., Mason, P. W. (1995). Foot-and-mouth disease virus undergoes restricted 
replication in macrophage cell cultures following Fc receptor-mediated adsorption. 
Fzro/ogy, 207, 503-509.
Belsham, G.J. (1993). Distinctive features of foot-and-mouth disease virus, a 
member of the picomavirus family; aspects of virus protein synthesis, protein 
processing and structure. w Bnyhysks & 60: 241-260.
Belsham, G.J., Brangwyn, J.K. (1990). A region of the 5' noncoding region of foot- 
and-mouth disease virus RNA directs efficient internal initiation of protein synthesis 
within cells: involvement with the role of L protease in translational control. J  
64: 5389-5395.
Belsham, G.J., Mclnerney, G.M., Ross-Smith, N. (2000). Foot-and-mouth disease 
virus 3C protease induces cleavage of translation initiation factors eIF4A and eIF4G 
within infected cells. /  Fzm/., 74:272-280
Belsham, G. J., Martinez-Salas, E. (2004). Genome organisation, translation and 
replication of foot-and-mouth disease virus RNA. In: Fbot-oW-mowfh 
currgMtpgrjygg/h/g .^ Horizon Bioscience, Wymondham, pp. 19-52
Becker, L, Becker, K-F., Rohrl, M.H., Hofler, H. (1997). Laser-assisted preparation 
of single cells fix)m stained histological slides for gene analysis. Hfftochgm Cg// Rm/, 
108:447-451.
Bienz, K., Egger, D., Rasser, Y., Bossart, W. (1983). Intracellular distribution of 
poliovirus proteins and the induction of virus-specific cytoplasmic structures.
131: 39-48.
Blenz, K., Egger, D., Pasamomtes, L. (1987). Association ofpolioviral proteins of 
the P2 genomic region with the viral replication complex and virus-induced 
membrane synthesis as visualized by electron microscopic immunocytochemistry and 
autoradiography. 160: 220-226.
200
Borman, A.M., Le Mercier, P., Girard, M., Kean, K.M. (1997). Comparison of 
picomaviral IRES-driven internai initiation of translation in cultured cells of different 
origins. JVac/gzcvlcfdk Rgf., 25: 925-932.
Bonner, R.F., Emmert-Buck, M., Cole, K., Pohida, T., Chuaqui, R., Goldstein, S., 
Liotta, L A. (1997). Laser capture microdissection: molecular analysis of tissue. 
Rczewe, 278:1481-1483
Brooksby, J.B. (1982). Portraits of viruses: foot-and-mouth disease virus. 
Wervzro/ogy, 18:1-23
Brooksby, J.B., Rogers, J. (1957). Methods used in typing the virus of foot-and- 
mouth disease at Pirbright, 1950-55, Office for European Economic Cooperation, 
Paris, pp. 31-34
Brown C.C., Meyer R.F., dander H«I., House € ., Mebus C.A. (1992). A 
pathogenesis study of foot-and-mouth disease in cattle, using in situ hybridization.
Can J  Vet Res., 56: 189-193.
Brown C.C., Olander H.J., Meyer R.F. (1995). Pathogenesis of foot-and-mouth 
disease in swine, studied by in-situ hybridization. J  Coznp Ro/W, 113; 51-58.
Burbach, G.J., Dehn, D., Nagel, B., Del Turco, D., Deller, T. (2004). Laser 
microdissection of immunolabeled astrocytes allows quantification of astrocytic gene 
expression. Jbzzmo/ Ngurosczencg Akthodk, 138: 141-1418.
Burgess, J. K., McParland, B. E.. (2002). Analysis of gene expression. In 
Laser Capture Microscopy. M. P. Conn, editor. Academic Press, San Diego, 
p. 259-270.
Burrows, R. (1966). The infectivity assay of foot-and-mouth disease virus in pigs, 
y  (Lozwÿ, 64: 419-429.
Burrows, R. (1968). The persistence of fbot-and mouth disease virus in sheep.
JHyg (Lond), 66: 633-640.
Burrows, R , Mann, J.A., Greig, A., Chapman, W.G., Goodiidge, D. (1971). The 
growth and persistence of foot-and-mouth disease virus in the bovine mammary 
gland, y/fyg (Zomÿ, 69: 307-321.
Burrows, R., Mann, J.A., Garland, A.J., Greig, A., Goodridge, D. (1981). The 
pathogenesis of natural and simulated natural foot-and-mouth disease infection in 
cattle, y  Cozzy Rot/zo/, 91: 599-609.
Chinsangaram, J., Piccone, M E., Grubman, M J. (1999). Ability of foot-and- 
mouth disease virus to form plaques in cell culture is associated with suppression of 
alpha/beta interferon, y  Fzro/, 73: 9891-9898.
201
Clarke, B E., Brown, A.L., Currey, K.M., Newton, S.E., Rowlands, D.J., Carroll, 
AR. (1987). Potential secondary and tertiary structure in the genomic RNA of foot 
and mouth disease virus. Awc/gfc Rgf., 15: 7067-7079.
Condy, J.B., Hedger, R.S., Hamblin, C., Barnett, I.T. (1985). The duration of the 
foot-and-mouth disease virus carrier state in African bufMo (i) in the individual 
animal and (ii) in a free-living herd. Cozzyororivg /mmuno/ogy, AfrcrohWogy aW
Infectious Diseases, 8: 259-265.
Coco, S., Defferrari, R., Scarufli, P., Cavazzana, A , Hi Ciistofano, C., Longo, L., 
Mazzocco, K., Perri, P., Gambini, C., Moretti, S., Bonassi, S., Tonini, G.P.
(2005). Genome analysis and gene expression profiling of neuroblastoma and 
ganglioneuroblastoma reveal differences between neuroblastic and Schwannian 
stromal cells. yRorha/. 207:346-357.
Cottral, G. E., Gailiunas, P. & Campion, R. L. (1963). Detection of Foot and 
Mouth Disease Virus in Lymph Nodes of Cattle Throu^out Course of Infection, In 
Rrocggy/Mgs f/zg vlzzmza/ Dzzztgy S/atgs ZzvgftogA &nzzkny fogfariozz, pp. 463-472
Cottral, G. E., Patty, R. E., Gailiunas, P. & Scott, F. W. (1966). Relationship of 
foot and mouth disease virus plaque size on cell cultures to infectivity for cattle by 
intramuscular inoculation. In Arc/zzvdzg Ggsamfg Fznz^rsg/zuzzg, pp. 276-293
Cottral, G.E , Gailiunas, P., Cox, B.F. (1968). Foot-and-mouth disease virus in 
semen of bulls and its transmission by artificial insemination, yfrc/zzv^ dzg ggsomotg 
FzrzA^rsgWzg 23: 362-377.
Cottral, G. E. & Gailiunas, P. (1971). Experimental multiple infection of animals 
with FMDVs. In Rrocggdzzzgs q^ t/zg Amzua/ A^gring q/^ the DnzW SYotes Azzzma/ 
T/go/rh oczoriozz, pp. 441-465
de Leeuw, P.W., van Bekkum, J.G., Tiessink, J.W. (1978). Excretion of foot-and- 
mouth disease virus in oesophageal-pharyngeal fluid and milk of cattle after intranasal 
infection. JTfyg (Lowÿ, 81:415-425.
Devaney, M.A., Vakharia, V.N., Lloyd, R.E., Ehrenfeld, E., Grubman, M.J. 
(1988). Leader protein of foot-and-mouth disease virus is required for cleavage of the 
p220 component of the cfy-binding protein complex. J  62:4407-4409.
Diatchenko, L., Lau, Y.F., Campbell, A.P., Chenchik, A , Moqadam, F., Huang, 
B., Lukyanov, S., Lukyanov, K., Gurskaya, N., Sverdlov, E.D., Siebert, P.D. 
(1996). Suppression subtractive hybridization: a method for generating differentially 
regulated or tissue-specific cDNA probes and libraries. Rrogggdzzzgs qf t/zg NarioW 
yfcoygmy q/^ &rzgfzcgs 93: 6025-6030.
Doedens, J R., Klrkegaard, K. (1995). Inhibition of cellular protein secretion by 
poliovirus proteins 2B and 3A. EMROJ., 14: 894-8907.
202
Rg/grgMcax & vl/ygMdùr
Dorsch-Hâsler, K., Yogo, Y., Wimmer, E. (1975). Replication of picomaviruses. I. 
Evidence from in vitro RNA synthesis that poly(A) of the poliovirus genome is 
genetically coded, y  Ffro/, 16: 1512-1517.
Donaldson, A.I., Hemiman, K.A., Parker, J., Sellers, R.F. (1970). Further 
investigations on the airborne excretion of foot-and-mouth disease virus 
y ^  (Zowÿ, 68: 557-564.
Donaldson, A I., Ferris, N.P., Gloster, J. (1982). Air sampling of pigs infected with 
foot-and-mouth disease virus: comparison of Litton and cyclone samplers. Research 
m veferzMory sczewe, 33: 384-385.
Donaldson, AL, Ferris, N.P., Wells, G.A. (1984). Experimental foot-and-mouth 
disease in kttening pigs, sows and piglets in relation to outbreaks in the field. TTze 
Feterinazy record^  115:509-512.
Donaldson, A.I., Gibson, C F., Oliver, R., Hamblin, C., Kitching, R.P. (1987). 
Infection of cattle by airborne foot-and-mouth disease virus: minimal doses with 01 
and SAT 2 strains. Research m Feterzwafy Rczezzce, 43: 339-346.
Donaldson, A I., Ferris, N.P. (1980). Sites of release of airborne foot-and-mouth 
disease virus from infected pigs. Research zn Feterznazy science, 29: 315-319.
Donn, A , Castagnaro, M., Donaldson, A I. (1995). Ultrastructural and replicative 
features of foot-and-mouth disease virus in persistently infected BHK-21 cells, 
yfrchzves q/^Fzro/agy, 140:13-25.
Donnelly, M.L., Hughes, L.E., Luke, G., Mendoza, H., ten Dam, £ ., Gani, D., 
Ryan, M.D. (2001). The 'cleavage* activities of foot-and-mouth disease virus 2A site- 
directed mutants and naturally occurring *2A-like' sequences, y  Gen Fzra^  82:1027- 
1041.
Donnelly, M L., Luke, G., Mehrotra, A., Li, X., Hughes, L.E., Gani, D., Ryan, 
M.D. (2001). Analysis of the aphthovirus 2A/2B polyprotein 'cleavage* mechanism 
indicates not a proteolytic reaction, but a novel translational efkct: a putative 
ribosomal 'skip', y  Gen Fzroh 82:1013-1025.
Dunnebacke, T.H., Levinthal, J.D., Williams, R.C. (1969). Entry and release of 
poliovirus as observed by electron microscopy of cultured cells. J  Virol, 4: 505-513.
Emmert-Buck, M R., Bonner, R.F., Smith, P.D., Chuaqui, R.F., Zhuang, Z., 
Goldstein, S.R., Weiss, R.A., Liotta, L A. (1996). Laser capture microdissection, 
5"czence, 274: 998-1001.
Escarmis, C., Toja, M., Medina, M., Domingo, E. (1992). Modifications of the 5 
untranslated region of foot-and-mouth disease virus after prolonged persistence in cell 
culture. Fzrus Research, 26: 113-125.
Eskildsen, M.K. (1969). Experimental pulmonary infection of cattle with foot-and- 
mouth disease virus. Vbrd Akd, 21: 86-91.
203
Etchison, D., Milburn, S.C., Edery, L, Sonenberg, N., Hershey, J.W. (1982). 
Inhibition of HeLa cell protein synthesis following poliovirus infection correlates with 
the proteolysis of a 220,000-dalton polypeptide associated with eucaryotic initiation 
factor 3 and a c ^  binding protein complex. The yoizmo/ Rzo/ogzco/ Cheznzs/zy,
257:14806-14810.
Eurell, J. N., Frappier, B. L. (2006). Dellmann’s textbook of veterinary histology. 
Ames, Iowa, Blackwell Pub.
Falk, M.M., Grigera, P.R., Bergmann, LE., Zîbeit, A., Multhaup, G., Beck, E. 
(1990). Foot-and-mouth disease virus protease 3C induces specific proteolytic 
cleavage of host cell histone H3. J  Virol, 64: 748-756.
Fend, F., Raffeld, M. (2000). Laser capture microdissection in pathology. Journal of  
Clinical Pathology, 53: 666-6672.
Flint, S. J., Enquist, L. W., Krug, R. M., Racaniello, V. R. & Skalka, A. M.
(2000). Rrzzzczp/es q/'Fzro/ogy. Afb/ecWor Rzo/ogy, Rothogezzeszs azz(/ cozztro/. 
Washington, D. C.: ASM Press.
Follett, E.A., Pringle, C.R., Pennington, T.H. (1975). Virus development in 
enucleate cells: echovirus, poliovirus, pseudorabies virus, reovirus, respiratory 
syncytial virus and Semliki Forest virus. JGczz Fzro/, 26:183-196.
Fracastorius, H. (1546). De alijs différentes contagionis. In Dc ay/zyathza ct 
ozztzpathza rezizzzz /zher zzzzzzf De cozztagzozze et cozztagzorif zzzorhzf et czzrotzozze /zhrz 
TTT, pp. Ch^er 12 36-38. Venice: Heirs of LA. Junta.
Fry, ,E.E., Lea, S.M., Jackson, T., Newman, J.W., Ellard, F.M., Blakemore,
W.E., Abu-Ghazaleh, R., Samuel, A , King, A M., Stuart, D.I. (1999). The 
structure and function of a kot-and-moudi disease virus-ohgosaccharide receptor 
complex. The RAfBD JbzzzTzo/., 18: 543-554.
Gailiunas, P. (1968). Microscopic skin lesions in cattle with kot-and-mouth disease, 
ylrehzv/hr z/ze Gesozzzte Fzrzz r^sehzzzzg, 25:188-200.
Gibson, C F., Donaldson, A I. (1986). Exposure of sheep to natural aerosols of foot- 
and-mouth disease virus. Research zzz veterzzzazy sczezzce, 41: 45-49.
Gibbs, S., Ponec, M. (2000). Intrinsic regulation of differentiation markers in human 
epidermis, hard palate and buccal mucosa, vlrchzves q/^ Dra/ Rzokgy, 45: 149-158.
Gloster, J., Sellers, R.F., Donaldson, A I. (1982). Long distance transport of foot- 
and-mouth disease virus over the sea. The Feterzzzazy Record^  110: 47-52.
Gosert, R., Egger, D., Bienz, K. (2000). A cytopathic and a cell culture adapted 
hepatitis A virus strain differ in cell killing but not in intracellular membrane 
rearrangements. PTrakgy 266: 157-169.
204
Re/êrezzces & /f/yeWùr
Graves, J. H. & Cunlîffe, H. R. (1960). The infectivity assay of foot and mouth 
disease virus in swine. In Rroceez/mgs the dJrd [hzfted &otes Lzvestoch
Sdzzftozy .dssoczarioM, pp. 340-345
Grubman, M.J., Morgan, D.O., Kendall, J., Baxt, B. (1985). Capsid intermediates 
assembled in a foot-and-mouth disease virus genome RNA-programmed cell-free 
translation system and in inkcted cells. J  Ffro/„ 56: 120-126.
Grubman, M.J., Baxt, B. (1982). Translation of foot-and-mouth disease virion RNA 
and processing of the primary cleavage products in a rabbit reticulocyte lysate. 
Ffro/ogy, 116:19-30.
Guttman, N., Baltimore, D. (1977). Morphogenesis of poliovirus. IV. existence of 
particles sedimenting at 150S and having the properties of provirion. J  Fzro/., 23: 363- 
367.
Hargreaves SK. Personal communication, (1994). In: Thomson GR. The role of 
carrier animals in the transmission of foot and mouth disease. OIE Comprehensive 
Rcportf on Tcchwca/ Remf Rrcfcntcy to fhc Rztcmatfona/ ComzMZ/tec or to Rcgzozzo/ 
CozMZMw^ zozzf. pp.87-103
Heidenblut, AM ., Luttges, J., Buchholz, M., Heinitz, € ., Emmersen, J., Nielsen, 
K.L., Schreiter, P., Souquet, M., Nowacki, S., Herbrand, U., KlSppel, G., 
Schmiegel, W., Gress, T., Hahn, S.A. (2004). aRNA-longSAGE: a new approach to 
generate SAGE libraries from microdissected cells. Nucleic Acids Res., 32: 131.
Henderson, W. M. (1949). The quantitative study of foot-and-mouth disease virus. In 
ARC Report Series. London: HMSO.
Henderson, W.H. (1952). A comparison of difkrent routes of inoculation of cattle 
for detection of the virus of foot-and-mouth disease. J  Rfyg (Zowÿ, 50: 182-194.
Herold, J., Andino, R. (2001). Poliovirus RNA replication requires genome 
circularization through a protein-protein bridge. Akkczz/or Ce/f, 7: 581-591.
Hinton, T.M., Ross-Smith, N., Warner, S., Belsham, G.J., Crabb, B.S. (2002). 
Conservation of L and 3C proteinase activities across distantly related ^hthoviruses, 
JGezz Fzro/, 83: 3111-3121.
Horsington, J., Zhang, Z. (2007). Analysis of foot-and-mouth disease virus 
replication using strand-specifrc quantitative RT-PCR. J Fzro/ Akthodr. [Epub ahead 
of print]
Huber, E., Vlasny, D., Jeckel, S., Stubenrauch, F., Iftner, T. (2004).
Gene Profiling of Cottontail Rabbit Papillomavirus-Induced Carcinomas Identifies 
Upregulated Genes Directly Involved in Stroma Invasion as Shown by Small 
Interkring RNA-Mediated Gene Silencing. J  Fzro/. 78: 7478-7489.
205
Hughes, G.J., Kitching, R.P., Woolhouse, M.E. (2002). Dose-dependent responses 
of sheep inoculated intranasally with a type O foot-and-mouth disease virus. 
JCompPafho/. 127: 22-29.
Isenberg, G., Bielser, W., Meier-Ruge, W., Remy, E. (1976). Cell surgery by laser 
micro-dissection: a preparative method. Jbwmo/ 107:19-24.
lavarone, M., Trabut, J.B., Delpuech, O., Camot, F., Colombo, M., Kremsdorf, 
D., Bréchot, C., Thiers, V. (2003). Characterisation of hepatitis B virus X protein 
mutants in tumour and non-tumour liver cells using laser capture microdissection, 
JburW 39: 253-61
Jackson, T., Sharma, A., Ghazaleh, R.A., Blakemore, W.E., Ellard, F.M., 
Simmons, D.L., Newman, J.W., Stuart, D.I., King, A.M. (1997). Arginine-glycine- 
aspartic acid-specific binding by foot-and-mouth disease viruses to the purified 
integrin alpha(v)beta3 in vitro. J  Efro/, 71: 8357-8361.
Jackson, T., Sheppard, D., Denyer, M., Blakemore, W., King, A.M. (2000). The
epithelial integrin alphavbeta6 is a receptor for foot-and-mouth disease virus. J  Virol, 
74:4949-56
Katsuta, H., Koyanagi-Katsuta, R , Shiiba, M., Anzai, K, M e T, Aida T, Akehi 
Y, Nakano M, Yasunami Y, Harada M, Nagafuchi S, Ono J, Tachikawa T. 
(2005). cDNA microarray analysis after laser microdissection in proliferating islets of 
partially pancreatectomized mice. A/b/ecu/ar Afbrpho/ogy 38: 30-35.
Kaufman, R. J. (2000). The double-stranded RNA-activated protein kinase PKR. In 
Trwzs/atfoW contro/ pp. 503-527. Edited by N. Sonenberg, J. W.
B. Hershey & M. B. Mathews. New York: Cold Spring Harbor Laboratory Press.
Kawai, K., Horiike, N., Michitaka, K., Onji, M. (2003). The effects of hepatitis B 
virus core promoter mutations on hepatitis B core antigen distribution in hepatocytes 
as detected by laser-assisted microdissection. 38: 635-6341.
Kerk, N.M., Ceserani, T., Tausta, S.L., Sussex, I.M., Nelson, T.M. (2003).
Laser c^ture microdissection of cells fiom plant tissues, P/anl PhyfWogy, 132: 27- 
35.
Kiechle, F.L., Zhang, X., Holland-Staley, C.A. (2004). The -omics era and its 
impact, Archives p/^  Palho/ogy uW /ahoratory meuffCfw, 128: 1337-1345.
KItchmg, R.P. (2002a). Identification of foot and mouth disease virus carrier and 
subclinically infected animals and difierentiation fi"om vaccinated animals. Kevue 
ef fecWpwe (WemafioW Qÿîce p / ^ 21: 531-538.
Kitching, R.P. (2002b). Clinical variation in foot and mouth disease: cattle. Kevue 
Sbfcnfi/fpue el lee/mzpwe (Znlemafiona/ Qÿîce 21: 499-504.
206
Kitching, R.P., Alexandersen, S. (2002). Clinical variation in foot and mouth 
disease: pigs. T^ evwe el leehnzpue (hzlemaHona/ Qÿîee p/^^zzoolzej .^ 21:
513-518.
Klur, S., Toy, K., Williams, M.P., Certa, U.(2004). Evaluation of procedures for 
amplification of small-size samples &>r hybridization on microarrays.
Genomlej. 83: 508-517.
k..Knipe, D. M., Howlcy, P. M., Griffin, D. E., Lamb, R. A., Martin, M. A.
Roizman, B. and Straus, S. E. (2001). Fields Virology. Lippincott Williams & 
Wilkins, Philadelphia, pp. 3087
Kom, G. (1957). Isolation of virus during incubation period of foot-and-mouth 
disease, vlrehrve Ewr Experimenlel/e Pelerznwmez&zzn, 11: 637-649.
Kuhn, R., Luz, N., Beck, E. (1990). Functional analysis of the internal translation 
initiation site of foot-and-mouth disease virus. J  Virol, 64: 4625-4631.
Loeffier, F., Frosch, P. (1898). Report of the Commission for research on FMD. In: 
Zenfra/hWt/hr Bakteno/ogze, PwaszlenkwWe, 7p/^ ibzowlyaMAenhezlen «W A ^ene., 
Berlin, pp. 371-391
Lépez de Quinte, S., Siiz, M., de la Morena, D., Sobiino, F., Martinez-Salas, E.
(2002). IRES-driven translation is stimulated separately by the FMDV 3 -NCR and 
poly(A) sequences. JVwcZezc vlczdly 30: 4398-4405.
Martinez-Salas, E., Saiz, J. € ., Davila, M., Belsham, G. J. and Domingo, E.
(1993). A single nucleotide substitution in the internal ribosome entry site of foot- 
and-mouth disease virus leads to enhanced cap-independent traiKlation in vivo. J  
FW , 67,3748-3755
Mason, P.W., Rieder, E., Baxt, B. (1994). RGD sequence of foot-and-mouth 
disease virus is essential for infecting cells via the natural receptor but can be 
bypassed by an antibody-dependent enhancement pathway. TV-oc Sbf f/SW.
91:1932-1936.
Mason, P.W., Bezborodova, S.V., Henry, T.M. (2002). Identification and 
characterization of a cis-acting replication element (ere) adjacent to the internal 
ribosome entry site of fix)t-and-mouth disease virus. J  Fzro/, 76: 9686-9694.
Mason, P.W., Grubman, M.J., Baxt, B. (2003). Molecular basis of pathogenesis of 
FMDV, Fzrwa^  Research, 91: 9-32.
Mateu, M.G., Valero, M.L., Andreu, D., Domingo, E. (1996). Systematic 
replacement of amino acid residues within an Arg-Gly-Asp-containing loop of foot- 
and-mouth disease virus and efiect on cell recognition. Jbwma/
ChemfsPy,271:12814-12819.
207
Maxion, H.K., Kelly, K.A. (2002). Chemokine expression patterns differ within 
anatomically distinct regions of the genital tract during Chlamydia trachomatis 
inaction, aw/ TmmaMhy, 70: 1538-1546.
Meier-Ruge, W., Bielser, W., Remy, E., HiUenkamp, F., Nitsche, R., UnsOld, R. 
(1976). The laser in the Lowry technique for microdissection of freeze-dried tissue 
slices. /Bffochemzca/ Vbwrua/, 8 : 387-401.
Mojsilovic-Petrovic, J., Nesic, M., Pen, A., Zhang, W., Stanimirovic, D. (2004).
Development of rapid staining protocols for laser-capture microdissection of brain 
vessels from human and rat coupled to gene expression analyses. Jbwrwz/
Neuroscience methods, 133: 39-48.
Monaghan, P., Simpson, J., Murphy, C., Durand, S., Quan, M., Alexandersen, S. 
(2005a). Use of confocal immunofluorescence microscopy to localize viral 
nonstructural proteins and potential sites of replication in pigs experimentally infected 
with foot-and-mouth disease virus. J  Virol,, 79: 6410-6418.
Monaghan, P., Gold, S., Simpson, J., Zhang, Z., Weinreb, P. H., Violette, S. ML, 
Alexandersen, S. and Jackson, T. (2005b). The alpha(v)beta6 integrin receptor for 
Foot-and-mouth disease virus is expressed constitutively on the epithelial cells 
targeted in cattle. JGen FfroZ, 86,2769-2780.
McVicar, J.W., SutmoUer, P. (1969). The epizootiological importance of foot-and- 
mouth disease carriers. IL The carrier status of cattle exposed to foot-and-mouth 
disease fr)llowing vaccination with an oil adjuvant inactivated virus vaccine, .^ rchzv 
yhr dfg Ggfawte 26: 217-224.
McVicar, J.W., SutmoUer, P. (1976). Growth of foot-and-mouth disease virus in the 
upper respiratory tract of non-immunized, vaccinated, and recovered cattle after 
intranasal inoculation. (Zowÿ. 76:467-481.
McVicar, J.W., Eisner, R.J. (1983). Aerosol exposure of cattle to foot-and-mouth 
disease virus, (Zowÿ, 91: 319-328.
Medina, M., Domingo, E., Brangwyn, J.K., Belsham, G.J. (1993). The two species 
of the foot-and-mouth disease virus leader protein, expressed individually, exhibit the 
same activities. Fzro/ogy. 194: 355-359.
Mezencio, J.M., Babcock, G.D., Kramer, E., Brown, F. (1999). Evidence for the 
persistence of foot-and-mouth disease virus in pigs. Felenwny Jbwrwz/, 157:213- 
217.
Mims, C.A. (1964). Aspects of the pathogenesis of virus disease. Bdcterzo/ogzco/ 
Revfcws, 28: 30-71.
Moffat, K., HoweU, G., Knox, C., Belsham, G.J., Monaghan, P., Ryan, M.D., 
Wileman, T. (2005). Effects of foot-and-mouth disease virus nonstructural proteins 
on the structure and function of the early secretory pathway: 2BC but not 3A blocks 
endoplasmic reticulum-to-Golgi transport J  Fzro/, 79:4382-4395.
2 0 8
Morphy, N., MiUar, E., Lee, C.S. (2005). Gene expression profiling in breast cancer: 
towards individualising patient management, fafho/ogy, 37: 271-277.
Murphy, C. (2005). The pathogenesis of foot-and-mouth disease in pigs: 
inflammatory and anti-viral responses. In: Bchoo/ aw/ Zz/ê Sbzezzccf,
Vol. PhD thesis, University of Surrey, Guildford
Neff, S., Sa-Carvalho, D., Rieder, E., Mason, P.W., Blystone, S.D., Brown, E.J., 
Baxt, B. (1998). Foot-and-mouth disease virus virulent for cattle utilizes the integrin 
alpha(v)beta3 as its receptor. J  Firo/, 72: 3587-3594.
Neff, S., Mason, P.W., Baxt, B. (2000). High-efficiency utilization of the bovine 
integrin alpha(v)beta(3) as a receptor for foot-and-mouth disease virus is dependent 
on the bovine beta(3) subunit.. J  Virol, 74: 7298-7306.
O'Hara, E.F., Williams, M B., Rott, L., Abola, P., Hansen, N., Jones, T., Gurjal, 
M.R., Federspiel, N., Butcher, E.C. (2005). Modified representational difference 
analysis: isolation of differentially expressed mRNAs from rare cell populations. Awz/ 
Biochem. 336: 221-230.
Oleksiewicz, M. B., Donaldson, A. I. and Alexandersen, S. (2001). Development of 
a novel real-time RT-PCR assay for quantitation of foot-and-mouth disease virus in 
diverse porcine tissues. J  Fzro/ Afethodk, 92,23-35.
Paul, A.V., Rieder, E., Kim, D.W., van Boom, J.H., Wimmer, E. (2000). 
Identification of an RNA hairpin in poliovirus RNA that serves as the primary 
template in the in vitro uridylylation ofVPg. J  Fzro/., 74:10359-10370.
Pinzani, P., Orlando, C., Pazzagli, M. (2006). Laser-assisted microdissection for 
real-time PCR sample preparation. AA)/ AAg(/, 27:140-159.
Platt, H. (1961). Phagocytic activity in squamous epithelia and its role in cellular 
susceptibility to foot-and-mouth disease. Nature. 190: 1075-1076.
Prato Murphy, M. L., Forsyth, M. A., Belsham, G. J,, Salt, J. S. (1999). 
Localization of foot-and-mouth disease virus RNA by in situ hybridization within 
bovine tissues. Fzzw Ref, 62,67-76.
Prato Murphy, M. L., Meyer, R. F., Mebus, C., Schudel, A. A., Rodriguez, M.
(1994). Analysis of sites of foot and mouth disease virus persistence in carrier cattle 
via the polymerase chain reaction. Arch Fzro/, 136,299-307.
Prevot, D., Darhx, J.L., Ohlmann, T. (2003). Conducting the initiation of protein 
synthesis: the role of eIF4G. Bzo/ Cc//., 141-56.
Prosniak, M., Zborek, A., Scott, G.S., Roy, A., Phares, T.W., Koprowski, H., 
Hooper, D C. (2003). Differential expression of growth factors at the cellular level in 
virus-infrcted brain. Rroc Vat/Acw/ SIcz (/5A, 100: 6765-6770.
209
Rç/ércwrgf & Appcw&c
Quan, M. (2005). Quantitaive dynamics of foot-and-mouth disease virus infection in 
pigs, Vol. PhD thesis, University of Edinburgh, Edinburgh.
Quan, M., Murphy, C. M., Zhang, Z. and Alexandersen, S. (2004). Determinants
of Early Foot-and-Mouth Disease Virus Dynamics in Pigs. J  Comp Pathol, 131,294- 
307.
Randrup A., (1954). On the stability of bovine foot-and-mouth disease virus 
dependent on pH; investigations on the complement fixing and the immunizing 
antigen as well as on the in&ctive agenL Ac/a Parho/ ABcrohW Sbaw/, 3 5 ,388-95.
Racanlello, V. R. (2001). Picomaviridae: The Viruses and their Replication. In Fields 
Virology, Fourth edn, pp. 685-722.
Rasmussen, S«F., Eckmann, L., Quayle, A.J., Shen, L., Zhang, Y.X., Anderson, 
D.J., Fierer, J., Stephens, R.S., Kagnoff, M.F. (1997). Secretion of proinflammatory 
cytokines by epithelial cells in response to Chlamydia infection suggests a central role 
for epithelial cells in chlamydial pathogenesis. J  Clin Invest. 99: 77-87.
Reetoo, K.N., Osman, S.A., Illavia, S.J., Cameron-Wilson, C.L., Banatvala, J.E., 
Muir, P. (2000). Quantitative analysis of viral RNA kinetics in coxsackievirus B3- 
induced murine myocarditis: biphasic pattern of clearance following acute infection, 
with persistence of residual viral RNA throughout and beyond the inflammatory 
phase of disease. JGcn FzroZ., 8:2755-2762.
Reid, S.M., Ferris, N.P., Hutchings, CH ., Zhang, Z., Belsham, G.J., 
Alexandersen, S. (2002). Detection of all seven serotypes of foot-and-mouth disease 
virus by real-time, fluorogenic reverse transcription polymerase chain reaction assay.
J  Ffro/ Afethodk, 105: 67-80.
Reissig, M., Howes, D.W., Melnick, J.L., (1956). Sequence of morphological 
changes in epithelial cell cultures infected with poliovirus. J  Erp. Afez/, 104: 289- 
304.
Rieder, E., Baxt, B., Mason, P.W. (1994). Animal-derived antigenic variants of fbot- 
and-mouth disease virus type A12 have low affinity for cells in culture.
JFfro/,. 68: 5296-5299.
Rieder, E., Berinstein, A., Baxt, B., Kang, A., Mason, P.W. (1996). Propagation of 
an attenuated virus by design: engineering a novel receptor for a noninfectious foot- 
and-mouth disease virus. Proc Aat/Acw/5b; I/5A ., 93: 10428-10433.
Rieder, E., Paul, A.V., Kim, D.W., van Boom, J.H., Wimmer, E. (2000). Genetic 
and biochenncal studies of poliovirus cis-acting replication element ere in relation to 
VPg uridylylation. J  Ffro/., 74: 10371-10380.
Rigden, R.C., Carrasco, C.P., Summerfield, A., MCCullough, K.C. (2002). 
Macrophage phagocytosis of foot-and-mouth disease virus may create infectious 
carders, hnwuno/ogy. 106: 537-548.
210
Roberts, L.O., Seamons, R.A., Belsham, G.J. (1998). Recognition of picomavirus 
internal ribosome entry sites within cells; influence of cellular and viral proteins.
RAW. 4: 520-529.
Ryan, M. D., Luke, G., Hughes, L. E., Cowton, V. M., ten Dam, E., Li, X., 
Donnelly, M. L. L., Mehrotra, A. & Gani, D. (2002). The aphto- and cardiovirus 
"primary" 2A/2B polyprotein "cleavage". In Afb/ecu/w bWogy pp.
213-223.
Sanger, H.L., Klotz, G., Riesner, D., Gross, H.J., Kleinschmidt, A.K. (1976). 
Viroids are single-stranded covalently closed circular RNA molecules existing as 
highly base-paired rod-like structures, Proc Abl/Acw/5b; [/5A ., 73: 3852-3856.
Sangar, DV., Newton, S.E., Rowlands, D.J., Clarke, B E. (1987). All foot and 
mouth disease virus serotypes initiate protein synthesis at two separate AUGs.
Ac;dk Rgj^ ewcA, IS: 3305-3315.
Salt, J. S. (1993). The carrier state in foot and mouth disease-an immunological 
review. British Veterinary Journal, 149,207-223.
Salt, J. S. (1998). Persistent in&ction with frx)t-and-mouth disease virus. 7bp;cf ;n 
7rqp;ca/ Ffro/ogy, 1,77-128.
Saiz, M., Gomez, S., Martinez-Salas, E., Sobrino, F. (2001). Deletion or 
substitution of the ^hthovirus 3' NCR abrogates infectivity and virus replication. J  
Gen Firo/., 82: 93-101.
Schnable, P.S., Hochholdinger, F., Nakazono, M. (2004). Global expression 
profiling applied to plant development. Current Qp;n;on ;n P/ant B;o/ogy. 7: 50-56
Schlomm, T., Luebke, A.M., Sultmann, H., Hellwinkel, O.J., Sauer, Ü., Poustka, 
A., David, K.A., Chun, F.K., Haese, A., Graefen, M., Erbersdobler, A., Huland, 
H. (200S). Extraction and processing of high quality RNA from impalpable and 
macroscopically invisible prostate cancer for microarray gene expression analysis. 
Ihtemadona/ Jburwd Âwo/ogy. 27: 713-720.
Sellers, R.F., Burrows, R., Mann, J.A., Dawe, P., (1968). Recovery of virus from 
bulls affrcted with fbot-and-moudi disease. Pet Ree., 83:303.
Sellers, R. F. & Parker, J. (1969). Airborne excretion of foot-and-mouth disease 
virus. 67, 671-677
Sellers, R. F. (1971). (Quantitative aspects of the spread of FMD. In Petertnmy 
Bu//et;n, pp. 431-439
Shimkets, R.A., Lowe, D.G., Tai, J.T., Sehl, P., Jin, H., Yang, R., Predki, P.F., 
Rothberg, BE., Murtha, M.T., Roth, ME., Shenoy, S.G., Windemuth, A., 
Simpson, J.W., Simons, J.F., Daley, M.P., Gold, S. A., McKenna, M.P., Hillan, K., 
Went, G.T., Rothberg, J.M. (1999). Gene expression analysis by transcript profiling 
coiq)led to a gene database query. Abture BmtecAno/ogy. 17: 798-803.
211
Rg/gre w r g & AppgwRx
Spector, D. H. & Baltimore, D. (1974). Requirement of 3'-terminal poly(adenylic 
acid) for the infectivity of poliovirus RNA. Proc Nat/Acw/ 5bz 71,2983-2987
Suhy, D.A., Giddinp, T.H., Kirkegaard, K. (2000). Remodeling the endoplasmic 
reticulum by poliovirus infection and by individual viral proteins: an autoph%y-like 
origin for virus-mduced vesicles. J  Firo/, 74: 8953-8965.
SutmoUer, P., McVicar, J.W. (1973). Foot-and-mouth disease: growth of virus after 
conjunctival inoculation of cattle. Brief report. Archiv Gesamte Virusforschtmg. 43: 
284-287.
SutmoUer, P., McVicar, J.W. (1976). Pathogenesis of foot-and-mouth disease: the 
lung as an additional portal of entry of the virus. J Hyg (Lond). 77: 235-243.
SutmoUer, P., Barteling, S.S., Olascoaga, R.C., Sumption, K.J. (2003). Control 
and eradication of foot-and-mouth disease. Virus Research, 9: 101-44.
TUey, L., King, A.M., Belsham, G.J. (2003). The foot-and-mouth disease virus cis- 
acting replication element (ere) can be complemented in trans within infected cells, 
y  FiroA 77:2243-2246.
Thomson, G. R. (1994). Foot-and-mouth disease. In: Ih/bcfmuy dkeaygf
wfth jgpgczo/ rg/grewrg to fouthem Oxfrrd University Press, Cape Town, pp.
825-852
Thompson, D., Muriel, P., RusseU, D., Osborne, P., Bromley, A., Rowland, M., 
Creigh-Tyte, S., Brown C. (2002). Economic costs of the foot and mouth disease 
outbreak in the United Kingdom in 2001. Rev 5bz Tech. 21:675-87
Terpstra, C. (1972). Pathogenesis of foot-and-mouth disease in experimentally 
infected pigs. Bulletin - Office International des Epizooties, 77: 859-8574.
Valarcher, J. F., Furze, J., Wyld, S., Cook, R., Conzelmann, K. K. and Taylor, G.
(2003). Role of alpha/beta interfrrons in the attenuation and immunogenicity of 
recombinant bovine respiratory syncytial viruses lacking NS proteins. J  Ffro/, 77, 
8426-8439.
Vona, G., Tuveri, R., Delpuech, O., VaUet, A., Canioni, D., BaUardini, G.,
Baptiste Trabut, J., Le Bail, B., Nalpas, B., Camot, F., Pol, S., Brechot, C.
Thiers, V. (2004). Intrahepatic hepatitis C virus RNA quantification in 
microdissected hepatocytes. JTAepafo/, 40,682-688.
VaUee, H., Carre, H. (1922). On the plurality of FMDV. Compter Rgw&y db / 
Acadbwfg def Sbzenccf, 1498-1500
VaUee, H., Carre, BL (1928). Studies on FMD, first note. Anwz/gf dg /Twrrz/uf 
42, 841
212
R^rgwrgf & Appgw/ùr
van Bekkum, J. G., Frenkel, H. S., Frederiks, H. H. J., Frenkel, S. (1959). 
Observations on the carrier state of cattle exposed to foot and month disease virus. In 
voor Dfgrggnggj^ Awndb 84,1159-1164
van Kuppeveld, F.J., van den Hurk, F J ., van der Vliet, W., Galama, J.M., 
Melchers, W.J. (1997). Chimeric coxsackie B3 virus genomes that express hybrid 
coxsackievirus-poliovirus 2B proteins: functional dissection of structural domains 
involved in RNA replication. J  Gen Füro/. 78:1833-1840.
von Stein, O.D., Thies, W.G., Hofmann, M. (1997). A high throughput screening 
far rarely transcribed differentially expressed genes.
Nwc/gfc Aczdb RgfgwcA, 25: 2598-2602.
Waldmann, O., Trautwein, K. (1926). Experiments on the plurality of FMDV. 
Bgr/mar TYgrarzlhche 42,569-571
Witwer, C., Rauscher, S., Hofacker, IX ., Stadler, P.F. (2001). Conserved RNA 
secondary structures in Picomaviridae genomes. Vhc/g;c Acfdk Rgfgwch, 29: 5079- 
5089.
Woodbury, E.L., Ilott, M.C., Brown, C.C., Salt, J.S. (1995). Optimization of an in 
situ hybridization technique for the detection of foot-and-mouth disease virus in 
bovine tissues using the digoxigenin system. J  Fzro/ A/blhodb. 5: 89-93.
Wu, Y., Kajdacsy-Balla, A., Strawn, E., Basir, Z., Halverson, G., Jailwala, P., 
Wang, Y., Wang, X., Ghosh, S., Guo, S.W. (2006). Transcriptional 
characterizations of difkrences between eutopic and ectopic endometrium. 
Endbcrzno/ogy. 147: 232-246.
Wyrick, P.B., Knight, ST ., Paul, T.R., Rank, R.G., Barbier, C.S. (1999).
Persistent chlamydial envelope antigens in antibiotic-exposed infected cells trigger 
neutrophil chemotaxis. 179: 954-966.
Yang, P.O., Chu R.M., Chung W.B., Sung H.T., (1999). Epidemiological 
characteristics and financial costs of the 1997 foot-and-mouth disease epidemic in 
Taiwan. FbrRec., 145,731-4
Yilma, T., McVicar, J.W., Breese, S.S. (1978). Pre-lytic release of foot-and-mouth 
disease virus in cytoplasmic blebs. J  Gen FfroZ, 41:105-114.
Yilma, T. (1980). Morphogenesis of vésiculation in foot-and-mouth disease. Am J Fbt 
41,1537-1542.
Z&ang, Z., Alexandersen, S. (2004). Quantitative analysis of foot-and-mouth 
disease virus RNA loads in bovine tissues: implications for the site of viral 
persistence. J  Ggn Ffro/, 85,2567-2575.
Zhang, Z., Alexandersem, S. (2003). Detection of carrier cattle and sheep persistenly 
infected with foot-and-mouth disease virus by a rapid real-time RT-PCR assay. J  
Fzro/ Afbrhodk.; 111,95-100.
213
References & Appendix
Zhang, Z ., Kitching, R. P. (2001). The localization of persistent foot and mouth 
disease virus in the epithelial cells of the soft palate and pharynx. J  Comp Pathol, 124, 
89-94
Zhang Z, Kitching P. (2000). A sensitive method for the detection of foot and mouth 
disease virus by in situ hybridisation using biotin-labelled oligodeoxynucleotides and 
tyramide signal amplification 
J  Virol Methods. 88,187-92
214
References & Appendix
8.2 Appendix
Sequence of PCR primers and probes
FMDV RNA detection
SA-IR-219-246F
SA-IR-315-293R
SAmulti2-P-IR-292-269P
SA-UK-IRES-248F
SA-UK-IRES-308R
UK-IRES-271T
CAC YTY AAG RTG ACA YTG RTA CTG GTA C 
CAG ATY CCR AGT GWC ICI TGT TA 
CCT CGG GGT ACC TGA AGG GCA TCC
AAC CAC TGG TGA CAG GCT AAG G 
CCG AGT GTC GCG TGT TAC CT 
TGC CCT TTA GGT ACC C-MGB
GAPDHmRNA detection
GAPDH-forward primer 
GAPDH-reverse primer 
GAPDH-probe
TGG GCA TGA ACC ATG AGA AGT 
GGC ATG GAC TGT GGT CAT GAG 
TGA CAA CAG CCT CAA GAT
28S rRNA detection
b28S-3-25F
b28S-74-56R
b28S-27-54-P
GGC GAA AGA CTA ATC GAA CCA T
CGA GAG CGC CAG CTA TCC T
AGT AGC TGG TTC CCT CCG AAG TTT CCC T
Reagents & buffers
Phosphate Buffered Saline (PBS)
Sodium chloride (NaCl)
Potassium chloride (KCl)
Magnesium chloride (MgClz 6H2O)
Potassium dihydrogen orthophosphate (KH2PO4) 
Disodium hydrogen orthophosphate (Na2 HPO4) 
Calcium chloride (MCagCl22H20)
Final Rnase/Dnase free water.
Sucrose Buffered Phosphate Buffered Saline
Sucrose (30%) into 1 litre of PBS.
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